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A b strac t

In h ib itio n  o f  Thermal E lec tron  T ransfer by Short S atu ra ted  B a rrie rs

by

B erta  Anderes 

Advisor: David K. L avallee

Numerous s tu d ie s  have determ ined th e  genera l adequacy o f the  

th eo rie s  o f  Marcus and Hush fo r  r a t io n a liz in g  trends in  r a te s  o f 

ad iab a tic  o u te r-sp h ere  e le c tro n  tra n s fe r  re a c tio n s . However, i t  i s  

l ik e ly  th a t  th e  s iz e s  o f  b io lo g ic a l m olecules o f te n  preclude the  a d ia ­

b a t ic  mechanism th a t  i s  ty p ic a l o f  sm aller m olecules. Keactions in  

b io lo g ic a l systems fo r  which a  tunneling  mechanism has been d iscussed  

include photosynthesis and th e  conversion o f  oxygen to  w ater. The 

l a t t e r  e le c tro n  tra n s fe r  re a c tio n s  involve a s e r ie s  o f  membrane-bound 

p ro te in s , the  cytochromes. The o b jec tiv e  o f  th is  p ro je c t  i s  to  t r y  

to understand how th e  sep a ra tio n  o f  the  cytochromes would a f f e c t  the  

r a te  a t  which the e le c tro n  is  tra n s fe rre d  from one s i t e  to  th e  n ex t.

In o rder to  study th e  e le c tro n  tra n s f e r  r e a c t io n s , I  syn thesized  model 

molecules which had to  s a t i s f y  sev e ra l c r i t e r i a :  1 ) in e r t  m etal atoms, 

Aid 2 ) a  r ig id  lig an d  so th a t  the  m etal ions would be separa ted  by a  

known d is tan ce  and, 3) the  red u c tio n  p o te n tia ls  fo r  the  reac tio n s  

should be o f  th e  same o rder o f  magnitude as those o f  b io lo g ic a l re a c ­

tio n s , about 0.5V o r le s s .  One o f  the  ligands I  used was 1 ,4-dicyano-



[2 .2 .2 ]-b icyclooctane, This lig an d  i s  r ig id ,  providing a  w ell-defined  

separation  o f th e  m etal atoms. The in e r t  m etals used were C o(III) and 

R u (III ) . The b im e ta llic  complexes were synthesized by mixing th e  ligand  

w ith  a chloro complex o f C o(III) in  the  presence o f  (CF3 SO2 ) 2® t 0  form 

the corresponding C o ( I I I ) - n i t r i le  complex, followed by a  second reac tio n  

in  which the  E u (III)  moeity was added using  [R^M g^C F^SO g)] (CFgSC^^. 

The r e a l t iv e ly  in e r t  so lven t su lfo lan e  was used throughout. The reac tio n s  

are  rap id  and the  products s ta b le  fo r  months. The Ru(III)-CN group does 

•undergo acid-independent h y d ro ly sis , b u t very slowly ( t j>  5 h  a t  25° C). 

The R u(III) s i t e  was ra p id ly  reduced using Ru(NH3 )g^+ . In tram olecular 

reduction  o f  Co ( I I I )  i s  very slow (<10% a f te r  10 h  a t  25°C). The in h i­

b i t io n  o f  th e  e lec tro n  tra n s fe r  r a te  by the  4 X b a r r ie r  i s  estim ated  to  

be a t  le a s t  a  fa c to r  o f  1 0 ^.
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1

PREFACE

The main o b je c tiv e  o f th is  p ro je c t  has> been to  le a rn  how th e  r a t e  o f 

e le c tro n  tra n s f e r  between donor and accep tor s i t e s  i s  a ffe c te d  by th e i r  

sep ara tio n  d is tan ce . Numerous s tu d ie s  have te s te d  c u rre n t th e o r ie s  o f  

e le c tro n  tra n s f e r  re a c tio n s  which occur between m etal complexes th a t  a re  

f re e  t o  approach each o th e r in  so lu tio n . These th e o r ie s  have been shown 

to  g ive  c o n s is te n t p re d ic tio n s  o f  trends in  th e  r a te s  o f  such a d ia b a tic  

o u ter-sp h ere  re a c tio n s  which occur when th e  n a tu re  o f  th e  m etal atom, 

ligands and th e  so lv en t environment a re  v a ried .

R e la tiv e ly  few r e s u l t s  a re  a v a ila b le , however, which bear on th e  

question  o f  th e  change in  r a t e  as th e  m etal atoms a re  separated . Current 

th e o rie s  o f such re a c tio n s  ce n te r  on th e  r o le  o f  e le c tro n  tunneling  as a  

p o ss ib le  mechanism. While th e o re tic ia n s  a re  g e n e ra lly  agreed th a t  th e  

fu n c tio n a l form o f th e  re la t io n s h ip  between d is tan c e  and r a t e  w i l l  be an 

inverse  exponential one, th e re  were no r a t e  d a ta  a v a ila b le  fo r  therm al 

e le c tro n  t ra n s fe r  re a c tio n s  between is o la te d  m etal ions befo re  th i s  p ro je c t 

was undertaken.

The e f f e c t  o f  sep a ra tio n  o f m etal ions on e le c tro n  tra n s f e r  re a c tio n s  

i s  o f  importance w ith  re sp e c t to  b io lo g ic a l processes involv ing  m e ta llo -  

p ro te in s . I t  i s  l ik e ly  th a t  s te r i c  r e s t r i c t io n s  o f b io lo g ic a l molecules., 

may preclude th e  a d ia b a tic  mechanism th a t  i s  ty p ic a l o f  sm aller m olecules.

In' o rder to ' understand which p ro p e rtie s  o f  molecules such as th e  cytochromes 

determ ine th e i r  e le c tro n  t r a n s f e r  r a t e s , th e  v a r ia b le s  such as th e  n a tu re  - 

o f th e  ligands around th e  m eta l, th e  medium between th e  donor and accep tor 

s i t e s ,  and th e  d is tan ce  between th e  s i t e s  must be se p a ra te ly  in v es tig a te d .



2

To determ ine th e  e f fe c t  o f  d is tan ce , in  th is  p ro je c t complexes were synthesized  

•which would f u l f i l l  sev e ra l c r i t e r i a :  The m etal atoms a re  in e r t  so th a t  th e

ligands around th e  m etal atom a re  known w ith  c e r ta in ty  and th e  lig an d  which 

binds th e  two m etal atoms must be r ig id  to  g ive  a  w e ll-d efin ed  sep a ra tio n  

d is tan ce  and sa tu ra te d  to  i s o la te  th e  donor and accep tor o r b i ta l s .  These 

c r i t e r i a  had n o t been met by any p rev io u sly -rep o rted  s tu d ie s .

In  th i s  th e s is ,  th e  f i r s t  chap ter begins w ith  a  d iscu ss io n  o f th e  s ig ­

n ific a n c e  o f  th is  p ro je c t ,  o th e r  s tu d ie s  which have been done and th e o rie s  

o f e le c tro n  tra n s f e r .  My experim ents and r e s u l t s  a re  then  described  and 

compared w ith  th e o re t ic a l  p re d ic t io n s . In  o rder to  o b ta in  th e se  r e s u l t s , 

new sy n th e tic  techniques had to  be developed and th e  form ation and 

decomposition r a te s  fo r  th e  complexes had to  be determ ined. These s tu d ie s  

were c ru c ia l  in  o rder to  e s ta b l is h  th e  e f f e c t  o f  th e  sa tu ra te d  b a r r ie r ,  b u t 

they  were a lso  o f in te r e s t  in  th e i r  own r ig h t .  As a  r e s u l t ,  th e se  aspects  

a re  d iscussed  in  th e  second ch ap ter, sep a ra te ly  from th e  e le c tro n  tra n s f e r  

r e a c t io n s .

4



CHAPTER 1

A. In tro d u c tio n

1. D iscussion o f  B io lo g ica l E lec tro n  T ransfer Reactions

A question  o f c u rre n t in te r e s t  i s :  How f a r  a p a r t can th e  donor and th e

accep to r in  an e le c tro n  t ra n s f e r  r e a c tio n  be and what o th e r sp e c ia l re q u ire ­

ments a re  th e re  fo r  e le c tro n  t r a n s f e r  to  occur? There i s  a  l o t  o f  in te r e s t  

in  th e  r o le  th a t  tun n elin g  may p lay  in  e le c tro n  t r a n s f e r  re a c tio n s  in  

b io lo g ic a l system s. (1 ,2 .3 ) . There a re  a  number o f  cases in  which th e

d istan ces  between ox idan t and red u c tan t s i t e s  in  b io lo g ic a l systems a re  l ik e ly  

to  be la rg e  (c lo se  to  o r g re a te r  than  10 8 ) .  The a c tu a l d is tan ce s  between

th e  p ro s th e tic  groups o f in te ra c tin g  e le c tro n  t r a n s f e r  p ro te in s  in  b io lo g ic a l
o

systems proposed to  d a te  vary  from 8  to  50 A. By using  f irs t-ap p ro x im a tio n

estim ates  o f  tunneling  p r o b a b i l i t ie s ,  tunneling  d is ta n c e s  have been estim ated  
o

to  be ten s  o f  A. H opfield (3),  however, tak ing  in to  account in te ra c tio n s  due

to  n u c lea r motion, and estim ating  p ro b a b i l i t ie s  from bond-resonance in te g ra ls ,
o

d ec la res  th e  d is tan c e  .must be le s s  than  10 A. James Chien has shown good

c o rre la tio n  to  th e  H opfield theo ry  p re d ic tio n  o f  e le c tro n  tunneling  w ith  a

s e r ie s  o f  cytochrome c m etal d e r iv a tiv e s , where he estim ates  th e  d is tan ce
o

o f in te ra c t io n  to  be  4 A (4 ). M ille r  (5) has s tu d ied  th e  tunneling  o f  trapped

e lec tro n s  to  scavenger ions in  co ld , organic g la sse s . He estim ates  d istan ces
o

in  th e  range o f 30 to  50 A. Mary Vanderkooa (6 ) performed a  fluorescence

experiment d e r iv a tiv e s  o f  cytochromes c to  study th e  d is tan ce s  p red ic ted  in

th e  cytochrome c-cytochrome oxidase redox p a ir  using  t i n  and applying F o rs te r
o

theory . She estim ated  th e  d is tan ce  o f  in te ra c t io n  to  be between 20 - 40 A.

The tunneling  o f  e le c tro n  through p lan ar sandwiches o f  m e ta l-in su la to r-m e ta l 

has been measured out to  100 ^  (7,8) .  On th e  o th e r hand, th e  measurements
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o f Weissman (9) and o f Voevodski and o th e rs  (10) in d ic a te  th a t  th e  e le c tro n  

exchange r a t e  between an ion ic  benzene r in g s  f a l l s  'below 1 0 's e c - ''" i f  th e  

d is tan ce  i s  more than  3 to  5 A.

In  many o f th e  b io lo g ic a l systems th e  red u c tan t i s  e i th e r  so la rg e  o r 

so w e ll f ix e d  in  p o s it io n  th a t  d i r e c t  c o l l i s io n  o f  coo rd in a tio n  spheres o f  

th e  m etal atoms o r  channeling through a  c l e f t  to  reach  th e  oxidant and red u c tan t 

s i t e s  in  e le c tro n  tra n s f e r  p ro te in s  i s  o f te n  s u f f ic ie n t ly  la rg e  to  preclude 

th e  in n er-sp h ere  model o f  e le c tro n  t r a n s f e r ,  in  which one lig an d  i s  sim ultaneously  

bound to  bo th  th e  ox idan t and red u c tan t s i t e s  a t  th e  in s ta n t  o f  e le c tro n  

tra n s f e r .  In s tead  th e  e le c tro n  must pass from one m olecule to  another 

w ithout th e  a id  o f a  d i r e c t  ' 'b ridge" by what i s  c a l le d  an o u te r-sp h ere  mecha­

nism (11, 12). In  t h i s  p ro je c t  we a re  try in g  to  understand what p ro p e rtie s  

o f th e  cytochromes a f f e c t  th e  r a t e  a t  which th e  e le c tro n  i s  tra n s fe r re d  from 

one s i t e  to  th e  n ex t. We a re  try ing , to  le a rn  about how th i s  r a t e  i s  r e la te d  

to  th e  geom etric arrangements o f  m etal io n s. The o b je c t i s  to  determ ine how 

th e  cytochromes a re  bound to  th e  membrane w ith  re sp e c t to  one another and 

whether o r  n o t any conform ational changes o f  th e  p ro te in  m ight be req u ired . 

E lec tro n  t r a n s f e r  re a c tio n s  involv ing  m eta llo p ro te in s  a re  e s s e n t ia l  to  

b io lo g ic a l energy tra n s f e r  p rocesses such as o x id a tiv e  phosphorylation  and 

pho tosyn thesis. Well designed model systems fo r  th e  te s t in g  o f  a l te rn a t iv e  

th e o r ie s  a re  an im portant component in  developing reasonab le  mechanism fo r  

th e se  re a c t io n s . We have used a  model system to  deduce fundamental inform ation 

about e le c tro n  tra n s f e r  re a c tio n s . Our system involving in tram olecu lar 

e le c tro n  tra n s f e r  re a c tio n s  th a t  occur between p o r tio n s . o f  th e  same m olecules 

(such as th e  2(4Fe-4S)ferredoxins and cytochrome c o x id a se ) , those which 

form lo n g -liv ed  complexes th a t  undergo e le c tro n  tra n s f e r  in te rn a l ly  (seme
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hydrogenases and n itro g e n a se ) , and maribrane-bound p ro te in s  such as those  

involved in  m itochondrial o x id a tiv e  phosphorylation .

In  th e  n ex t s e c tio n  th e o r ie s  o f  e le c tro n  t r a n s f e r  re a c tio n s  which a re  

re le v a n t to  my s tu d ie s  o f  e le c tro n  t r a n s f e r  re a c tio n s  w i l l  be d iscussed .

2. Theories o f  E lec tro n  T ransfer

S u tin  and coworkers have ap p lied  Marcus th eo ry  fo r  p re d ic tin g  th e  r a te s  

fo r  o u te r-sp h ere  e le c tro n  t r a n s f e r  re a c tio n s  in  which th e  coo rd ina tion  sphere 

about th e  oxidant and red u c tan t m etal atoms rem ain in ta c t  during e le c tro n  

tra n s f e r ,  w ith  no s in g le  lig an d  a c tin g  as a  b rid g e . O uter-sphere e le c tro n  

tra n s fe r  re a c tio n s  fo r  sim ple ino rgan ic  systems a re  now w ell understood in  

terms o f theory  o f  Marcus and Hush (13 ,14 ,15 ,16). In  such re a c tio n s , th e  

e le c tro n  i s  t ra n s fe r re d  a d ia b a tic a l ly  by means o f  a  m olecular o r b i ta l  o f  

th e  donor-acceptor complex. The m atrix  element o f  e le c tro n  exchange which 

mixes th e  donor and accep to r wave fu n c tio n s  can be estim ated  th e o re t ic a l ly  

and can sometimes be determ ined from th e  energy o f  o p tic a l  e le c tro n  t r a n s f e r  

(17,16). Such o u te r-sp h ere  e le c tro n  t r a n s f e r  re a c tio n s  o f moderate d riv in g  

fo rce  have r a te s  determ ined by: 1 ) th e  in n er-sp h ere  reo rg an iza tio n  energy,

such as th e  Franck-Condon b a r r ie r ,  which tends to  be la rg e r  th e  g re a te r  th e  

s tr u c tu ra l  change fo r  each r e a c ta n t  as i t  i s  converted to  product, 2 ) th e  

o u ter-sp h ere  re o rg an iza tio n  energy, which fo r  charged complexes c o n s is ts  

c h ie f ly  o f th e  changes in  e le c t r o s ta t ic  in te ra c tio n s  o f  so lu te s  and so lv en ts  

in  th e  form ation o f  th e  a c tiv a te d  complex, 3) th e  work term  fo r  b rin g in g  

th e  re a c ta n ts  to g e th e r and sep ara tin g  th e  products o f th e  a c tiv a te d  complex, 

4 ) th e  e f f e c t  o f  th e  d riv in g  fo rce  i t s e l f ,  which i s  p red ic ted  to  be a  l in e a r  

f re e  energy re la tio n s h ip  g iv ing  a  slope o f 0 .5  fo r  a  p lo t  o f  v s ,  AGqI
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Theory then p re d ic ts  th e  fo llow ing dependence fo r  th e  r a te  co n stan t:
l

f T>rT1
k =  "  w

k^T QT -Ea ;,. .—3 — — - —  e a/i-vx

where k i s  a  therm ally  averaged transm ission  fa c to r  being equal to  one 

fo r  p u re ly  a d ia b a tic  behavior, arfc th e  p a r t i t io n  fu n c tio n s , and Ea  i s  

th e  a c tiv a tio n  energy. By converting  equation  (1) in  terms o f  f re e  energy 

th i s  expression  becomes: 1

• lc -  (2 )
h

j.
Marcus type behavior now appears in  terms o f  AG""1".

AG^ = AGt + AG.+ + AG^ . + w + G /2 (3)t r a n s  m  o u t  r  o '

where AG^:ans i s  th e  f re e  energy o f  form ation o f  th e  t r a n s i t io n  s ta te :

AG+ = -BT InChZ/kgT) (4 )

where Z i s  th e  c o l l i s io n  frequency. For a s e r ie s  w ith  very  s im ila r  in n e r- 

sphere reo rg an iza tio n  energ ies th e  r a t io  o f  r a te s  due to  d if f e r e n t  o u te r-  

sphere reo rg an iza tio n  energ ies as a  fu n c tio n  o f  d is tan ce  can be determ ined

from G values given by:

9 . - . 2 2  _ jL  1 1 1 1 , 1
AGQ -  nfx  -  % | z | e [ E J  +  ^  + - F T  ][ ~T p+ ~ T  ] (5 )

There m measures th e  e x te n t to  which th e  e le c tro n  i s  t ra n s fe r re d  from th e

red u c tan t in  th e  a c tiv a te d  complex., X i s  th e  o u te r-sp h ere  reo rg an iza tio n  

term, AZ i s  th e  number o f  e le c tro n s  tra n s fe rre d  in  th e  o v e ra ll  re a c tio n , e 

i s  th e  e le c tro n ic  charge, r ^  and r^  a re  th e  r a d i i  o f  each re a c ta n t and 

r  = r^  + r^  = th e  rad iu s  o f  th e  a c tiv a te d  complex. eop i s  th e  o p tic a l  

d ie le c t r ic  and £ i s  th e  s t a t i c  d ie le c t r ic .  In  ad d itio n , th e re  w i l l  be some
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v a r ia tio n  in  th e  coulorribic work term  th a t  w i l l  depend on io n ic  s tre n g th  

(Reynolds, 1966):

AGq = 4.22 Z1  Z2  ( 10 - 1 * 4 3  U ) /  r+ '(6 ) .

This term a lso  leads to  a  r a t e  in c rease  w ith  in creasin g  s iz e  (assuming

strong  coupling) i f  th e  re a c ta n ts  a re  each p o s it iv e ly  charged, 
r

The term  AGT in  equation (3) i s  th e  re o rg an iza tio n  energy o f  th e  in n er 

coord ination  s h e ll  as shown in  equation (7).

AGi l  = 3 ' f l  f 2  ( a l  -  a 2  ) 2  /  ( f i  + f 2) (7)

where a- ,̂ and a re  r a d i i  o f  th e  two re a c ta n ts  w ith  fj_ and f 2  th e  re a c ta n ts  

fo rce  co n s ta n ts .

The wr  in  equation (3) i s  th e  work req u ired  to  b rin g  th e  re a c ta n ts  

to g e th e r , being c a lc u la te d  by Debye-Huckel tre a tm e n t:

= qi  q 2  /  Dg d ( 1  - 3d /"y ) (8 )

where: 6 = ( 8  i  u2 e 2 /  1000 D RT )% (9)
S

There a re  ex tensive  com pilation o f k in e t ic  s tu d ie s  o f  e le c tro n  tra n s fe r  

re a c tio n s  which have been d iscussed  in  terms o f th e  Marcus theo ry  fo r  

a d iab a tic  e le c tro n  t ra n s f e r  (18 ,19 ,20 ,11 ,21). But few experiments bear 

d i r e c t ly  on th e  question  o f th e  e f fe c t  o f  in su la tin g  (sa tu ra ted ) b a r r ie r s .  

Comparison o f e le c tro n  tra n s f e r  r a te s  o f e lec tro n  tra n s f e r  fo r  a  p a ir  o f
o j a-

sm all complexes such as FeO ^O ^ and Fe(H2 0)6 T w ith  a  p a ir  o f  complexes
o i

which i s  la rg e r  due to  u n sa tu ra ted  ligands such as Fe(phen ) 2  and Fe(phen)g



(’where phen=l, 10-phenantbroline) have been made. With u n sa tu ra ted  ligands 

such as phenanthro line , th e  o r b i ta ls  involved in  e le c tro n  t r a n s f e r  a re  

s ig n if ic a n tly  d e lo ca lized  from th e  m etal cen te r  onto th e  lig an d ; s ig n if ic a n t  

overlap  i s  a t ta in e d  and tunneling  i s  unnecessary. In  th ese  cases, th e  

experim ental r e s u l t s  a re  those  expected based only on th e  e le c t r o s ta t ic  

terms o f  Marcus' theory . I f ,  however, a  sa tu ra te d  lig an d  sphere i s  in ­

volved, th e  o r b i ta ls  involved in  e le c tro n  t ra n s f e r  w i l l  remain lo c a liz e d  on 

th e  m eta l. Then as th e  s iz e  o f  th e  sphere in c re a se s , so w i l l  th e  d is tan ce  

between donor and accep to r o r b i ta l s  and a t  seme p o in t a d ia b a tic  e le c tro n  

tra n s fe r  w i l l  become unfavorable r e la t iv e  to  a  tunneling  process.

The th e o re t ic a l  model o f  H o p fie ld 's  r a t e  equation i s  based o n .e le c tro n  

tra n s fe r  between two s i t e s  in  a  fix ed  geometry. The e le c tro n  to  be tra n s fe r re d  

i s  i n i t i a l l y  in  a  wave fu n c tio n  a , ev en tu a lly  to  be tra n s fe r re d  to  s i t e  b in

b. The m atrix  e lan en t, T ^ ,  rep re sen ts  th e  Ham iltonian o f  th ese  two, 

o n e -p a rtic a l s ta te s  r e s u l t in g  from the  overlap between th ese  wave fu n c tio n s .

The c lo se r  to g e th e r s i t e s  a  and b a re , th e  g re a te r  th e  o r b i ta l  overlap and 

th e  la rg e r  T ^  w i l l  be.

According to  H o p fie ld 's  theo ry , e le c tro n  tra n s f e r  occurs by a  process 

analogous to  th e  F o rs te r  mechanism o f resonance energy t r a n s f e r  (3).  For 

t ra n s fe r  o f  an e le c tro n , from s i t e  a  to  b th e  r a t e  i s  g iven by (1 0 ) :

w ith  Tab a  function  o f  th e  d is ta n c e , r ,  o f  sep ara tio n  between s i t e s  a  and b. 

The term  Da (E) and D^E) a re  th e  e le c tro n  removal and e le c tro n  in s e r t io n

sp e c tra l d is tr ib u t io n  fu n c tio n s , re sp e c tiv e ly , which a re  Gaussian l in e  shape 

functions th a t  d eriv e  th e i r  form frcm v ib ro n ic  components o f th e  wave fu n c tio n s .

(10)
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H opfield derived an e x p l ic i t  form fo r  D&(E) and D^(E) assuming th a t  th e  

cu rvatu re  o f th e  wave fun c tio n s  (ka and k^) were th e  same e i th e r  w ith  o r 

w ithout th e  e lec tro n :

k^ -  ( 2, / h ) | I ^ H P  ( 2,h)k e ' A -^fb ' A)2 (11) 

where: a1 = ( k  q 2 /  2 ) L  T co th( T /  2T ) +cL EL D ci

( qb 2  /  2 ) kg T coth(- Ta /  2T ) '(12)

and ka /  2  +  \  % Z '  2  <13>

w ith  qa  and q^ being th e  n u c lea r coord inates and kg i s  th e  Boltzmann co n stan t. 

The v ib ro n ic  coupling param eter i s  defined  by A, and T i s  th e  tem perature 

in  degrees K elvin, w ith  kgTa (kgTg) being th e  energy sep a ra tio n  between n u c lea r 

harmonic o s c i l la to r  s ta te s  fo r  s i t e  a ( b ) . Frcm th is  theory , th e  a c tiv a tio n  

energy should have th e  corrmon A rrhenius dependence on tem perature a t  h igh 

tem peratures and should become tem perature independent a t  low tem peratures.

At h igh  tem perature th i s  r a t e  becomes:

kab = ( 2  71 > I Tab(r) l 2( 4  * h  T A e " (~^a~ 1̂  ~ A ) 2

4 kBT (14)
In  such a  trea tm en t, th e  e le c tro n  tra n s f e r  occurs from one v ib ro n ic  s ta te  

o f  a  to  another s ta t e  o f  b , th e  v ib ra tio n a l  form being th a t  o f  a  harmonic 

o s c i l la to r .  The v ib ra tio n a l  p o te n t ia l  energy, %kq^, r e la te s  k  and q as 

th e  fo rce  constan t and displacem ent from equilib rium  n u c lea r p o s itio n , 

re sp ec tiv e ly . The tunneling  m atrix  element i s  fu r th e r  approximated by:

Tab = 2.7 e " 0 J 1  r  (15)

which i s  th e  resonance in te g ra l  fo r  carbon atcms, each in  an arom atic
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molecule, w ith  ( i s y ^ ) b e i n g  a  norm aliza tion  fa c to r  o f  Na  and atoms 

in  con tac t through one "edge". The sep ara tio n  between edge atoms i s  then r .

According to  H o p fie ld 's  theory , in  th e  h igh tem perature reg io n  Ta^ 

should decrease ex p o n en tia lly  as th e  ox id an t-red u ctan t sep a ra tio n  in c reases . 

For s im ila r  system s, th e  exponential d is tan ce  dependence suggested by 

J o rtn e r , e t  a l . (23).

d l n T ab /  d r =, 1 .3  S ' 1  (16)

For m etal atoms connected by a  sa tu ra te d  lig an d  system, th e  b a r r ie r  i s  

expected to  be about one h a l f  th e  a ^ a  band gap fo r  an organic in su la to r ,  

about 3eV, g iv ing  a sharper d ec lin e  in  Tab w ith  R. At th i s  tim e d ir e c t  

ca lc u la tio n s  fo r  Tab a re  d i f f i c u l t  because they  a re  determ ined by th e  

behavior o f  th e  " t a i l s "  o f th e  m olecular w avefunction (24). Experim entally 

determined v a lu es , th e re fo re , a re  e s s e n tia l  in  e s ta b lish in g  ty p ic a l  

exponential fa c to rs  fo r  sa tu ra te d  b a r r ie r s .

P rev iously , most c o rre la tio n s  .have been based so le ly  on th e o re t ic a l  

c a lc u la tio n s . James Chien ju s t  re c e n tly  completed an e le c tro n  tra n s fe r  

study involving b io lo g ic a l m olecules in  so lu tio n  (4).  In  th is  tre a tm e n t, 

experim entally  ob tained  k in e t ic  d a ta  were found to  be in  good agreement 

w ith  th e  th e o re t ic a l  r a t e  constan ts  p red ic ted  by H opfield theory . By 

using  m etal s u b s titu te d  hem oproteins, th e  oxidoreductions o f an iro n  heme 

and a  m etal s u b s titu te d  heme were follow ed. Treatment o f  such a  system 

was extended to  d escribe  bim olecular e le c tro n  t ra n s fe r  in  so lu tio n . The 

r a t e  o f t r a n s f e r  i s  c a lcu la ted  by averaging th e  r a t e  as a function  o f 

d is tan ce  over p ro b a b ili ty  d is t r ib u t io n  o f geom etries, •where th e  r e la t iv e  

lo c a tio n .o f  donor and acceptor v a rie s  w ith  tim e. N eglecting a  p a r t ic u la r
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geometry fo r  e le c tro n  t r a n s f e r ,  th e  b im olecular r a t e  becomes (17) :

k^b = 6.023 x 10" 4  k^b ( 2 tt X3 r  /  R p ) (17)

and Ah4 = ( Ea  + - A ) 2  /  4 -  3RT /  2 (18)

AS+ = R lnKO.O'238/kgT) ( 2 i7X3r  /  Rp) + (1 +  4kgT)^ Tab ] -  3R/2 (19)

The tunneling  theo ry  o f  J o r tn e r  tak es  in to  account low-frequency 

phonon modes as  w e ll as h igh-frequency m olecular v ib ra tio n a l  modes. In  

th e  h igh  tem perature reg io n , h is  r e s u l t s  match those  o f H o p fie ld 's  

theory  w hile a t  low tem pera tu res , J o r tn e r s ' development y ie ld s  r e s u l ts  

c lo se r  to  those observed experim entally  fo r  lig h t-in d u ced  o x id a tio n  o f 

cytochrome in  Chromatium (23).  From th e  tem perature a t  which low- 

tem perature behavior i s  observed' in  th e  Chromatium experim ents, we do 

n o t expect to  reach  th e  low -tem perature reg io n  in  our re a c tio n s  in  

common l iq u id  so lv en ts . The lower l im i t  to  th e  in tram olecu lar e le c tro n  

tra n s fe r  r a t e  which can be measured in  homogeneous so lu tio n  i s  th e  r a te  

a t  which in te rm o lecu lar e le c tro n  tra n s f e r  becomes predominant. From a 

co n sid e ra tio n  o f  th e  s t a t i s t i c s  o f m olecular packing in  liq u id s  (25) and 

th e  dependence o f th e  work term  fo r  b ring ing  charged re a c ta n ts  to g e th e r in  

so lu tio n  (which i s  avoided preassem bly o f  th e  re a c ta n ts  fo r  an i n t r a ­

m olecular r e a c t io n ) , one can c a lc u la te  th e  concen tra tion  fa c to r  th a t  

would be equ iva len t fo r  comparison o f  in term o lecu lar and in tram olecu lar 

r a te s .  For complexes th e  s iz e  o f  R u (I II ) , R u(II) and C o(III) amines, 

th i s  fa c to r  i s  about 3M. Thus, i f  two species o f  charge 2+ and 3+ a t  a  

concen tra tion  o f 1.0x10"%! re a c t  w ith  a  h a l f - l i f e  o f , fo r  example, 3000 

seconds, th e  same two re a c ta n ts  p laced  ad jacen t to  one another in  a 

preassembled b im e ta llic  complex should re a c t  w ith  a h a l f - l i f e  o f  about
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1 second ( a l l  c a lc u la tio n s  fo r  complexes in  H2 O a t  25 w ith  1=0.10M). 

Thus, an in tram olecu lar re a c tio n  w i l l  have a  xneasureably com petitive 

r a te  even i f  th e re  i s  a  su b s ta n tia l  b a r r ie r  to  e le c tro n  t ra n s fe r  in  

th e  preassembled b im e ta llic  ccoplex. The a b i l i t y  to  s e t  a  l im it  on 

th e  b a r r ie r  depends on slowing th e  in tram olecu lar process by d i lu tio n  

(th e  in tram olecu lar r a t e  being concen tra tio n  independent).

In  o rder to  be ab le  to  use th e se  th e o rie s  o f  e le c tro n  t r a n s f e r  

fo r  comparison, try model system must s a t i s fy  sev era l c r i t e r i a  which I  

w i l l  d iscuss in  th e  n ex t se c tio n .
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3. C h a ra c te r is t ic s  o f  th e  Model System

The system chosen f o r  t h i s  in v e s t ig a t io n  had to  meet th e  following 

c r i t e r i a  in  o rder to  o b ta in  in te rp re ta b le  inform ation th a t  i s  re le v a n t  to  

th e  b io lo g ic a l  r e a c t io n s :

a . The ligand  system must be sa tu ra te d ,  r ig i d ,  and bind two m etal 

atoms a t  a  w ell  defined d is tan ce .  This d is tan ce  must be s y n th e t ic a l ly  

v a r ia b le .  S a tu ra tio n  guarantees lo c a l iz a t io n  o f  dcnor-acceptor o r b i t a l s  

on th e  m etal atoms. The r i g i d i t y  requirement prevents th e  two m etal-  

containing po rtions  o f  th e  molecule from approaching each o ther .

b. The m etal atcms must be s u b s t i tu t io n  i n e r t  so th a t  only an 

ou ter-sphere  e le c tro n  t r a n s f e r  i s  po ss ib le .

c. To allow  s u f f i c i e n t  time fo r  syn thes is  and c h a ra c te r iz a t io n  

o f  th e  re a c ta n t  complex, i t  i s  necessary  th a t  th e  complex n o t undergo 

e lec tro n  t r a n s f e r  u n t i l  th e  re a c t io n  can be i n i t i a t e d  and p roperly  

monitored. In  o rder to  meet t h i s  requirement; th e re  must be a  method 

o f  i n i t i a l l y  reducing th e  s i t e  which i s  thermodynamically le s s  s ta b le  

in  the  reduced s ta t e .

The system so chosen to  meet these  requirements a re  composed o f  a

reducing ce n te r ,  a  d ifu n c tio n a l  s a tu ra ted  r in g  system and oxid iz ing
2*4"cen te r .  For t h i s  s p e c i f ic  p ro je c t ,  we have used (NHg^Ru as th e  r e ­

ducing cen te r .  The b ifu n c t io n a l  l igands used were 1 ,4 -d icyano- [2 .2 .2 ] -  

b icyclooctane and t ra n s -1 ,4  dicyanocyclohexane and (NH^^C^O) 5 _n Co^+" 

as the  oxidizing cen te r .
j

In  order to  demonstrate th a t  th e  ligands which we chose do prevent 

su b s ta n t ia l  mixing o f  th e  donor and acceptor o r b i t a l s ,  I  synthesized
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complexes o f  l ,4 -d icy an o -[2 .2 .2 ] -b icy c lo o c tan e  w ith  only one pentaammine- 

ru thenium (III) moiety a t tached  and w ith  two pentaanminerutheniurn(I I I ) 

m oieties  bound. Richardson and Taube have shown th a t  th e  ex ten t o f  

mixing o f  th e  ruthenium o r b i t a l s  a t  e i t h e r  end o f  a  complex can be 

deteimined using, d i f f e r e n t i a l  pu lse  polarography and c y c l ic  voltammetry. 

These methods provide an accu ra te  means o f  assess ing  th e  va lue  o f  th e  

comproportionation constan t Kc, which i s  th e  equilibrium  constant fo r  

th e  reac t io n :

Ru(II) -R-Ru(II) + Rn(III)  - R - R n ( I I I ) ^  2Ru(II)-R-Ru(III)

I f  th e re  i s  no mixing, which would s t a t i l i z e  th e  mixed valence s t a t e  

species, th e  comproportionation constan t has a  value o f  4. I f  th e re  i s  

mixing o f  th e  donor-acceptor o r b i t a l s ,  th e  f u l l  width a t  h a l f -h e ig h t  o f  

the  peak in  the  d i f f e r e n t i a l  pu lse  polarogram w i l l  be g re a te r  fo r  th e  

b im e ta l l ic  complex than fo r  th e  corresponding monometallic complex (the 

increase  in  width i s  36mV fo r  K, = 4 and a  g re a te r  value fo r  4 ) .  In  

the  case o f  th e  two complexes o f  1 ,4-dicyano- 2 .2 .2  -b icyc looc tane , th e  

width in crease  (Figures 1 and 2) i s  15 +  20mV, co n s is ten t w ith  a  Kc o f  4 

and no mixing. In  th e  c y c l ic  voltanm etry o f  mixed valence spec ies , the  

slope i s  le s s  fo r  a  b im e ta l l ic  species  w ith  mixing than fo r  th e  correspond­

ing monometallic sp e c ie s . I f  the  mixing i s  g re a t  (Kc > 120mV) two peaks 

a re  a c tu a l ly  observed. In  the  case o f  the  mono(pentaammneruthenium(III)) 

and b is  (pentaanminerutheniurn ( I I I ) )  complexes o f  1 ,4-d icyano-[2 .2 .2] - 

b icyclooctane, as shown in  f ig u res  3 and 4, and th e re  i s  no d isce m a b le  

d iffe rences  in  slope. In  both  o f  these  complexes, the  c y c l ic  voltammograms
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show th a t  th e  redox processes a re  re v e rs ib le  and they show th e  co r re c t  

dependence on scan r a t e .  Thus, our .model s a t i s f i e s  c r i t e r i o n ( a ) .



Figure 1. The d i f f e r e n t i a l  pu lse  polarogram o f  1 ,4 -d icy an o -[2 .2 .2 ]-  

bicyclooctanepentaamineruthenium (I I I )  tr if luorom ethane- 

su lfona te  taken in  dimethyformamide w ith  0.10M t e t r a e th y l - 

arnnoniutn p e rch lo ra te  using  a  platinum c o i l  working e lec tro d e , 

Ag/AgCl re fe ren ce  e lec tro d e  and a  platinum w ire  a u x i l ia ry  

e lec trode . The pu lse  w idth and scan r a t e  were 25mV and 

2mV/sec, re sp e c tiv e ly .  The f u l l  w idth a t  h a l f  he igh t i s  

107mV.
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Figure 2. The d i f f e r e n t i a l  pu lse  polarogram o f  y-l,4 -d icyano- [2 .2 .2 ]-  

b icyclooctane-b is  (pentaaninineruthenium(III) t r i f l u o r o -  

methanesulfonate taken in  dimethylformamide w ith  0 . 1 0 M 

tetraethylamronium p e rch lo ra te  using a  platinum c o i l  

working e lec tro d e ,  Ag/AgCl re fe rence  e lec tro d e  and 

platinum w ire  a u x i l ia ry  e lec trode . The pu lse  width 

and scan r a t e  were 25mV and 2mV/sec, re sp ec t iv e ly .

The f u l l  w idth o f  h a l f  he igh t i s  112mV. The f u l l  

w idth a t  h a l f  weight fo r  1 -cyanoadamantylpentaamine- 

ru th e n iu n ( I I I ) ' i s  105mV and the f u l l  w idth a t  h a l f  

h e ig h t  fo r  the  polarogram o f  cyanobenzylpentaanrnine- 

ru thenium (III) i s  97mV.
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Figure 3. The c y c l ic  voltammgrams o f  1 ,4-dicyano- [2:2.2] -  

b icyclooct anepentaaramineruthenium( I I I )  trif luorom ethane- 

su lfona te  a t  various  scan r a t e s  (1, 250mV/sec; 2, 

200mV/sec; 3, 150mV/sec; 4 , lOOmV/sec and 5, 50mV/sec); 

taken in  dimethylformamide w ith  0 . 1 0 M tetraethylarm rnium  

p erch lo ra te .  The working and re fe rence  e lec tro d e  were 

platinum w ires and th e  re fe rence  e lec tro d e  was Ag/AgCl.
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Figure 4. The c y c l ic  voltarrmograms o f  y - l ,4 -d icyano- [2 .2 .2 ]  -

b icyclooctanebis  (pentaaimriueruthenium(III)) t r i f l u o r o -  

methanesulfonate a t  various  scan r a t e s  (1, 350mV/sec;

2, 20QnV/sec; 3, 170mV/sec; 4, lOOmV/sec and 5, 50mV/sec), 

taken in  dimethylforxnamide w ith  0 . 1 0 M tatraethylamnonium 

p e rch lo ra te .  The working and re fe ren ce  e lec trodes  were 

platinum w ires and th e  re fe ren ce  e lec tro d e  was Ag/AgCl.



o
^ 0 / /'s ° - 0



24

B e c a u se  b o t h  o f  t h e  o x i d a t i o n  s t a t e s  o f  r u th e n iu m  t h a t  

w e h a v a  e m p lo y e d ,R u ( I I )  and  R u ( I I I )  , a r e  s u b s t i t u t i o n  i n e r t ,  

a s  i s  C o ( I I I ) ,  so  t h a t  t h e  i n n e r  s p h e r e  e l e c t r o n  t r a n s f e r  

i s  p r e c l u d e d  a s  a  p o s s i b l e  m ech an ism . The b i m e t a l l i c  com plex  

was s y n t h e s i z e d  w i t h  R u ( I I I )  an d  C o ( I I I ) ,  b o t h  t h e  o x i d i z e d  

s t a t e s  o f  t h e  m e t a l  a to m s ,  t h u s  s a t i s f y i n g  c r i t e r i o n  ( b ) . 

C o n c e rn in g  c r i t e r i o n  ( c ) , when we d e s i r e d  t o  i n i t i a t e  e l e c t r o n  

t r a n s f e r  w i t h i n  t h e  c o m p lex ,  t h e  R u ( I I I )  s i t e  was r e d u c e d  by
2 -L

Ru(NH3 )g  , w h ic h  r e d u c e s  R u ( I I I )  much f a s t e r  t h a n  C o ( I I I )

ev en  when t h e  m ore  t h e r m o d y n a m ic a l ly  f a v o r a b l e  r e a c t i o n  i s

t h a t  w i t h  t h e  C o ( I I I )  ( 2 6 ) .  The h i g h  F ra n c k -C o n d o n  b a r r i e r

o f  C o ( I I I )  f o r  i n n e r  s p h e r e  r e a r r a n g e m e n t  p r o v i d e s  t h e  k i n e t i c

a d v a n ta g e  t o  t h e  R u ( I I I )  s i t e  ( 2 7 , 2 8 ) .  T h is  i n i t i a l  r e d u c t i o n

i s  d r i v e n  b y  t h e  m ore  f a v o r a b l e  r e d u c t i o n  p o t e n t i a l  o f  R u ( I I I )

bound t o  a n i t r i l e  t h a n  t o  am in es  ( 2 9 ,3 0 ) .  The R u ( I I )  s i t e ,

w h ic h  c o n t a i n s  a  n i t r i l e  i n  t h e  c o o r d i n a t i o n  s p h e r e ,  c a n  th e n

r e d u c e  t h e  C o ( I I I )  s i t e  i n t r a m o l e c u l a r l y . The p o t e n t i a l  f o r

t h e  C o '( I I I )  r e d u c t i o n  i s  c lo .se  t o  t h a t  o f  t h e  r u th e n iu m  s i t e

and  t h e  n e x t  r e a c t i o n  i s  a i d e d  b y  t h e  i r r e v e r s i b l e  r e l e a s e
2+o f  l a b i l e  C o ( I I )  u p o n  e l e c t r o n  t r a n s f e r .  The Co(H«0)

z 6
w h ic h  i s  p ro d u c e d  i s  v e r y  r e s i s t a n t  t o  o x i d a t i o n  an d  w i l l  

n o t  r e d u c e  t h e  R u ( I I I )  s i t e .  T h i s  schem e f o r  t a k i n g  a d v a n ta g e  

o f  t h e  k i n e t i c  and  th e rm o d y n a m ic  p r o p e r t i e s  o f  R u ( I I I )  and  

C o ( I I I )  h a s  b e e n  u t i l i z e d  by  I s i e d  and  Taube who s t u d i e d  

i n t r a m o l e c u l a r  e l e c t r o n  t r a n s f e r  a c r o s s  l i g a n d s  s u c h  as  

i s o n i c o t i n a t e  and  4 - p y r i d y l a c e t a t e  ( 2 6 ) .  The p o t e n t i a l
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d i f f e r e n c e  f o r  t h e  e l e c t r o n  t r a n s f e r  r e a c t i o n  (w h ic h  c o n t r i b u t e s

t o  AG a s  nF e  a c c o r d i n g  t o  M a r c u s ' '  t h e o r y )  c a n  b e  m o d i f i e d

b y  u s i n g  d i f f e r e n t  C o ( I I I )  m o i e t i e s .  We h a v e  m o n i t o r e d

r e a c t i o n s  o f  R u (N H g )^ +  w i t h  Co(NHg)g^+  and  Co(N H ^)^(1 ^ 0 )

( a s  h a d  E n d i c o t t  an d  T aube (1 9 6 4 )  an d  a l s o  Co (N H g^O ^O ^^"** .
2+We h a v e  a l s o  m o n i t o r e d  r e a c t i o n s  o f  R u ^ H ^ g N C R  w i t h

Co(NH2 ) ^ (H 2 0 )NCR"^+  and  CotNH^)^ (H2 0 ) 2 NCR^+  (w h ere  R= a d a m a n ta n e )  .

We f i n d  t h a t  e a c h  s u c c e s s i v e  r e p l a c e m e n t  o f  NH^ by  1^0  l e a d s

t o  a  i n c r e a s e  o f  200 -  300 mV i n  t h e  s e c o n d  o r d e r  r a t e

c o n s t a n t ,  e q u i v a l e n t  t o  c h a n g e  i n  a E o f  =250mV. I t  s h o u ld  b e
3 + /2 +n o t e d  t h a t  d i r e c t  p o l a r g r a p h i c  d e t e r m i n a t i o n  o f  Co ' 

p o t e n t i a l s  i s  n o t  c u r r e n t l y  f e a s i b l e  due  t o  s lo w  e l e c t r o d e  

r e a c t i o n s .

The d e t a i l s  o f  t h e  k i n e t i c  e x p e r i m e n t s  a r e  p r e s e n t e d  

i n  t h e  f o l l o w i n g  s e c t i o n .
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B. D e s c r i p t i o n  o f  t h e  K i n e t i c  E x p e r im e n ts

The s y n t h e s i s  o f  t h e  b i m e t a l l i c  c o m p le x e s  u s e d  f o r  t h e  

e l e c t r o n  t r a n s f e r  k i n e t i c s ,  i s  d e s c r i b e d  i n  c h a p t e r  I I .  The 

b i m e t a l l i c  .com plexes u s e d  f o r  t h e  k i n e t i c  s t u d i e s  o f  e l e c t r o n  

t r a n s f e r  r e a c t i o n s ,  w e re  t h e  f o l l o w i n g :  y - 1 , 4 - d i c y a n o - [ 2 . 2 . 2 ] -

b i c y c l o o c t a n e p e n t a a m m i n e r u t h e n i u m ( I I I ) a q u o t e t r a a m m i n e c o b a l t ( I I I ) ;

y - 1 , 4 - d i c y a n o  - [2 .  2 .2  ] - b i c y c l o o c t a n e p e n t a a m i n e r u t h e n i u m ( I I I )  

d i a q u o t r i a m m i n e c o b a l t  ( I I I ) ; ferans-1, 4 - d i c y a n o c y c l o h e x a n e p e n t a -  

a m m i n e r u t h e n i u m ( I I I ) a q u o t e t r a a m m i n e c o b a l t  ( I I I )  ; t r a n s - 1 , 4 - d i c y a n o - 

c y c l o h e x a n e p e n t a a m m i n e r u t h e n i u m ( I I I ) d i a q u o t r i a m m i n e c o b a l t ( I I I ) .

C o n c e n t r a t i o n s  o f  t h e  b i m e t a l l i c  c o m p le x e s  w e re  t y p i c a l l y  

f o r  k i n e t i c s  e x p e r i m e n t s  a b o u t  1 0 - ^M. The c o m p le x e s  w e re  

d i s s o l v e d  i n  0 . 0 1 0 M a q u e n o u s  t r i f l u o r o m e t h a n e s u l f o n i c  a c i d  

s o l u t i o n .  The b i m e t a l l i c  c o m p lex es  w ere  w e ig h e d  an d  d i s s o l v e d  

d i r e c t l y  i n t o  t h e  c e l l  t o  b e  u s e d  f o r  k i n e t i c s .  The c e l l s  

w e re  c l o s e d  w i t h  r u b b e r  s e p tu m s  and  f a s t e n e d  t i g h t l y  w i t h  

c o p p e r  w i r e .  The c e l l  was t r a n s f e r r e d  t o  t h e  c u v e t t e  h o l d e r  

w h ere  a r g o n  was b u b b le d  t h r o u g h  one se p tu m  n e e d l e  and  v e n t e d  

by  a n o t h e r .  T h i s  p u r g in g  was c o n t i n u e d  f o r  20 t o  30 m i n u t e s ,  

a t  w h ic h  t im e  t h e  b l e e d e r  n e e d l e  i s  f i r s t  w i th d ra w n ,  f o l l o w e d  

im m e d ia te ly  by  t h e  i n p u t  n e e d l e .  I m m e d ia te ly  a f t e r  t h e  

w i t h d r a w a l  o f  b o t h  n e e d l e s ,  t h e  sep tu m  i s  c o a t e d  w i t h  A p iezo n  

g r e a s e  t y p e  H. T h is  p u r g in g  was done  i n  t h e  P e l t i e r  th e r m o ­

r e g u l a t e d  c u v e t t e  h o l d e r  i n s i d e  a  Beckman DU- 8  s p e c t r o p h o t o -
2+m e t e r .  The r e d u c t i v e  s o l u t i o n  o f  R u ^ H g ) ^  was p u r g e d  a t  t h e  

same t im e  i n  t h e  a rg o n  l i n e ,  w h ic h  i s  d e s c r i b e d  i n  d e t a i l s  i n
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c h a p t e r  I I .  A f t e r  t h e  c e l l  h a s  e q u i l i b r a t e d ,  a  k i n e t i c  r u n  

i s  i n i t i a t e d  w i t h  t h e  r e d u c t i v e  s o l u t i o n . . A g a s  t i g h t  

s y r i n g e  i s  f i r s t  p u r g e d  o f  a i r  by  w i th d r a w in g  t h e  a tm o s p h e r e  

w i t h i n  t h e  e r y le n m e y e r  b u b b l e r  an d  e j e c t i n g  o u t s i d e  t h e  

f l a s k .  T h is  p r o c e d u r e  i s  r e p e a t e d  5 o r  6  t im e s . -  The s y r i n g e  

i s  d ip p e d  i n t o  t h e  s o l u t i o n  and  f i l l e d  w i t h  a  q u a r t e r  vo lum e 

o f  l i q u i d .  B u b b le s  a r e  p u r g e d  f ro m  t h e  s y r i n g e  an d  t h e  

s o l u t i o n  i s  d i s c a r d e d .  T h is  p r o c e d u r e  i s  o n c e  m ore  r e p e a t e d .

The t h i r d  sa m p le  i s  a d j u s t e d  t o  t h e  d e s i r e d  v o lu m e .  The r e a c t i o n  

i s  i n i t i a t e d  w i t h  t h i s  a d d i t i o n .  Once t h e  i n j e c t i o n  h a s  b e e n  

m ade, t h e  t i m e r  i s  s t a r t e d  u s i n g  t h e  o t h e r  h a n d .  The c e l l  i s  

im m e d ia te ly  rem oved  fro m  t h e  t h e r m o s t a t e d  c o m p a r tm e n t  by 

h o l d i n g  t h e  r u b b e r  se p tu m  p o r t i o n  o f  t h e  c e l l  s y s te m .  T h i s  

i s  t r a n s f e r r e d  t o  a  v o r t e x  m ix e r  b r i e f l y  and  r e p l a c e d  b a c k  

i n t o  t h e  c o m p a r tm e n t  and  w i t h i n  10 s e c o n d s  t h e  Beckman DU- 8  

i s  t u r n e d  on t o  m o n i t o r  t h e  r e a c t i o n .

The e l e c t r o n  t r a n s f e r  r e a c t i o n s  c a n  b e  m o n i t o r e d  

c o n v e n i e n t l y  w i t h  c o n v e n t i o n a l  o r  s to p p e d  f lo w  s p e c t r o p h o t o ­

m e t e r s .  C hanges o c c u r  due  t o  t h e  o x i d a t i o n  o f  t h e  R u ( I I ) -  

n i t r i l e  s i t e  ( f o r  p e a k s  i n  t h e  r e g i o n  o f  350 - 380 nm"^ and 

n e a r  230 nm’ ^) and  due t o  t h e  r e d u c t i o n  o f  t h e  C o ( I I I ) - n i t r i l e  

s i t e  ( f o r  p e a k s  i n  t h e  r e g i o n  o f  320 - SA-Onm- '*' and  470 -  510nm .

D a ta  w e re  t r e a t e d  w i t h  s t a t i s t i c s  p ro g ra m s  a v a i l a b l e  on t h e  

PROPHET c o m p u tin g  s y s te m  ( 9 ) .



28

C. R e s u l t s  and  D i s c u s s i o n

I n  o r d e r  t o  u n d e r s t a n d  p h o t o s y n t h e s i s  o r  t o  d e s i g n  

e f f i c i e n t  m o l e c u l a r  s y s te m s  f o r  p h o t o c h e m i c a l  e n e r g y  s t o r a g e  

an d  t o  u n d e r s t a n d  m ech an ism s  i n v o l v e d  i n  t h e  e l e c t r o n  t r a n s f e r  

r e a c t i o n s  o f  t h e  o x i d a t i v e  p h o s p h o r y l a t i o n  p r o c e s s ,  i t  i s  

i m p o r t a n t  t o  u n d e r s t a n d  how d i s t a n c e ,  e n e r g y  d i f f e r e n c e s  and  

m o l e c u l a r  s t r u c t u r e  c o n t r o l  r a t e s  o f  l o n g - d i s t a n c e  e l e c t r o n  

t r a n s f e r .

S e v e r a l  r e c e n t  r e p o r t s  h a v e  shown t h a t  e l e c t r o n  t r a n s f e r  

c a n  o c c u r  when o x i d i z i n g  and  r e d u c i n g  c e n t e r s  a r e  s e p a r a t e d  b y  

lo n g  d i s t a n c e s .  W h i le  e a c h  o f  t h o s e  c a s e s  a r e  o f  i n t e r e s t ,  

n o n e  o f  them  s a t i s f y  a l l  o f  t h e  c r i t e r i a  I  h a v e  d i s c u s s e d  i n  

t h e  i n t r o d u c t i o n ,  i . e .  a  s y s te m  w i t h  a  r i g i d  s a t u r a t e d  b a r r i e r  

o f  w e l l - d e f i n e d  l e n g t h  c o n t a i n i n g  two s u b s t i t u t i o n  i n e r t  m e t a l  

i o n s  c a p a b l e  o f  u n d e r g o in g  th e r m a l  e l e c t r o n  t r a n s f e r .

U s in g  a  s y s te m  w i t h  d o n o r  a n d . a c c e p t o r  g r o u p s  l i n k e d  by 

a  r e l a t i v e l y  r i g i d  s p a c e r  c o n s i s t i n g  o f  s t e r o i d  d e r i v a t i v e s  

( F ig u r e  5 ) ,  C a l c a t e r r a  and  c o w o rk e rs  (31 )  h a v e  f o u n d  t h a t  

r e l a t i v e l y  r a p i d  e l e c t r o n  t r a n s f e r  o c c u r s  o v e r  lo n g  d i s t a n c e s  

( a b o u t  15$) . T h e i r  m o d e l sys.tem i s  .made up  o f  a  d o n o r  t h a t  

i s  t h e  n e g a t i v e  io n  o f  t h e  b i p h e n y l  m o i e t y  w h ic h  can  d o n a te  

an  e l e c t r o n  t o  a n y  o f  t h e  t h r e e  d i f f e r e n t  a c c e p t o r s  t h a t  h a v e  

u s e d  ( c in n a m o y l ,  2 - v i n y l n a p t h y l  an d  2 - n a p t h y l  g r o u p s ) .  The 

s y s te m  i s  r e d u c e d  by  u s e  o f  an  e l e c t r o n  p u l s e  f ro m  a l i n e a r  

a c c e l e r a t o r .  The e l e c t r o n  c a p t u r e  c a n  o c c u r  a t  e i t h e r  end  

o f  t h e  m o l e c u l e s  w i t h  a lm o s t  e q u a l  p r o b a b i l i t y  due  t o  t h e



F i g u r e  5 . S t r u c t u r e s  o f  d ie n d e d  s t e r o i d s  s t u d i e d  by

C a l c a t e r r a ,  C lo s s  and  M i l l e r  (J o u r n a l  o f  t h e  

A m erican  C h em ica l  S o c i e t y ,  1 9 8 3 ,  1 0 5 , 6 7 0 - 6 7 1 ) .  

The h a l f - l i v e s  f o r  e l e c t r o n  t r a n s f e r  and  f r e e  

e n e r g y  c h a n g e s  a r e  0 . 5 n s ,  - l . l e V  ( to p  m o l e c u l e ) ,  

2 5 n s ,  -0 .3 2 e V  ( c e n t e r  o f  m o l e c u l e )  and  1 s ,  

-0 .0 5 e V  ( b o t to m  m o l e c u l e ) .
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and  h i s  c o w o rk e rs  h a v e  u s e d  t h e  c r y s t a l  s t r u c t u r e  o f  t h e

o x i d i z e d  an d  r e d u c e d  fo rm s  o f  t u n a  c y to c h ro m e  c t o  e s t i m a t e

t h e  d i s t a n c e  b e tw e e n  t h e  d o n o r  and  a c c e p t o r  g r o u p s .  The
o

d i s t a n c e  h a s  b e e n  e s t i m a t e d  t o  b e  10-16A . They h a v e  shown 

t h a t  e l e c t r o n  t r a n s f e r  w i t h i n  p r o t e i n s  c a n  t a k e  p l a c e  r a p i d l y  

a t  lo n g  d i s t a n c e  g i v e n  a  d r i v i n g  f o r c e  o f  O .le V . A t p r e s e n t  

I s i e d  and  c o w o rk e rs  a r e  t r y i n g  t o  m o n i t o r  i n t r a m o l e c u l a r  

e l e c t r o n  t r a n s f e r  f ro m  t h e  r u th e n iu m  atom  t o  t h e  i o n  (heme) 

i n  t h e  m o d i f i e d  c y to c h ro m e  a s  w e l l  a s  t h e  m e a su re m e n t  o f  t h e  

e l e c t r o n  t r a n s f e r  f ro m  t h e  i o n  (heme) t o  t h e  r u th e n iu m  a to m .

T h e se  e x p e r i m e n t s  w i l l  t e l l  them  t h e  e f f e c t  o f  d r i v i n g  f o r c e  

on t h e  r a t e  o f  e l e c t r o n  t r a n s f e r  b e tw e e n  a  d o n o r  an d  a c c e p t o r  

h e l d  a t  l o n g  d i s t a n c e s .  T h e i r  a s s u m p t io n  on t h i s  w ork  i s  

t h a t  t h e  two m e t a l  a tom  s i t e s  on t h e  p r o t e i n  a r e  h e l d  a p a r t  

and  t h a t  t h e  p r o t e i n  i s  r e l a t i v e l y  i n f l e x i b l e - .

Zawacky and  Taube (33 )  h a v e  r e p o r t e d  r a t e s  o f  i n t r a m o l e c u l a r  

e l e c t r o n  t r a n s f e r  i n  b i n u c l e a r  c o m p le x e s  c o n t a i n i n g  r u th e n iu m  ( I I )  

and  c o b a l t ( I I I )  w i t h  p y r a z i n e ,  4 , 4 ' - b i p y r i d i n e  and  s e l e c t e d  

p y r i d i n e c a r b o x y l a t e  a n i o n s  a s  b r i d g i n g  l i g a n d s .  T h e i r  r e s u l t s  

i n d i c a t e  t h a t  e l e c t r o n  t r a n s f e r  i n  t h e  p y r i d i n e c a r b o x y l a t e  

c o m p le x e s  a p p r o a c h e s  t h e  a d i a b a t i c  r e g im e ,  i . e .  t h e r e  i s  no  

n e e d  t o  i n v o l v e  t u n n e l i n g  t o  a c c o u n t  f o r  t h e  e l e c t r o n  t r a n s f e r  

r a t e s .  .In  a l l  c a s e s  t h e y  r e p o r t ,  t h e  l i g a n d s  w h ic h  h a v e  b e e n  

u s e d  a r e  e i t h e r  u n s a t u r a t e d  o r  s u f f i c i e n t l y  f l e x i b l e  f o r  t h e  

two m e t a l  s i t e s  t o  a p p r o a c h  e a c h  o t h e r  c l o s e l y  so  t h a t  t h e  

e l e c t r o n  c o u ld  a v o id  c r o s s i n g  a  s a t u r a t e d  b a r r i e r .



32

The s y s te m  w h ic h  T aube an d  I s i e d  h a v e  u s e d  e x p l o i t  two

g e n e r a l  p a t t e r n s  o f  m e t a l  i o n  r e a c t i v i t y :  1) The i n e r t n e s s

t o  l i g a n d  e x c h a n g e  o f  m e t a l  a tom s t h a t  h a v e  h i g h l y  p o p u l a t e d

b o n d in g  and  n o n b o n d in g  o r b i t a l s  and  em pty  a n t i b o n d i n g  o r b i t a l s

( lo w  s p i n  d^ an d  d^ i o n s ,  R u ( I I I )  and  C o ( I I I )  and  2) t h e

s l u g g i s h n e s s  o f  r e a c t i o n s  w h ic h  i n v o l v e  a . h i g h  F ra n c k -C o n d o n

b a r r i e r  ( i . e .  t h o s e  o f  C o ( I I I )  C o ( I I )  r e l a t i v e  t o  R u ( I I I )

R u ( I I ) ,  s i n c e  e l e c t r o n  t r a n s f e r  i n  t h e  c a s e  o f  c o b a l t  r e s u l t s

i n  p o p u l a t i o n  o f  an  a n t i b o n d i n g  o r b i t a l  and  a  l a r g e  c h a n g e  i n

c o b a l t - l i g a n d  bond  l e n g t h s  w h i l e  a d d i t i o n  t o  r u th e n iu m  r e s u l t s

i n  p o p u l a t i o n  o f  a  r e l a t i v e l y  n o n b o n d in g  o r b i t a l  an d  v e r y .

l i t t l e  ch an g e  i n  r u t h e n i u m - l i g a n d  bond  l e n g t h s ) .  T h u s ,  a

b i m e t a l l i c  com plex  w i t h  C o ( I I I )  an d  R u ( I I I )  c a n  r e m a in  i n t a c t

i n  s o l u t i o n  and t h e  a d d i t i o n  o f  a  s u i t a b l e  r e d u c i n g  a g e n t  w i l l

c a u s e  t h e  R u ( I I I )  a tom  t o  be r e d u c e d  b e f o r e  t h e  C o ( I I I )  a tom

e v e n  i f  t h e  o v e r a l l  p o t e n t i a l  f a v o r s  t h e  C o ( I I I )  r e d u c t i o n .

An a d d i t i o n a l  a d v a n ta g e  o f  t h i s  schem e i s  t h a t  t h e  s u b s e q u e n t

r e d u c t i o n  o f  t h e  C o ( I I I )  s i t e  b y  t h e  n e w ly  g e n e r a t e d  R u ( I I )
2+s i t e  p r o d u c e s  C o t^ C O g  , w h ic h  i s  v e r y  d i f f i c u l t  t o  o x i d i z e ,  

so  t h e  r e a c t i o n  i s  made i r r e v e r s i b l e .  T h u s ,  ev en  a  r e a c t i o n  

w i t h  an  u n f a v o r a b l e  f r e e  e n e r g y  d i f f e r e n c e  c a n  b e  a c c o m p l i s h e d .  

I n  t h e  a p p l i c a t i o n s  o f  t h i s  schem e s u c h  a s  t h o s e  d i s c u s s e d  

a b o v e ,  a  m a jo r  d i f f i c u l t y  h a s  b e e n  e n c o u n t e r e d - s a t u r a t e d  

l i g a n d s  a r e  g e n e r a l l y  f l e x i b l e  and  t h e  f i r s t  o r d e r  r e a c t i o n s  

w h ic h  h a v e  b e e n  o b s e r v e d  q u i t e  p o s s i b l y ■r e s u l t  f ro m  t h e  

r e a c t i o n  o f  t h e  m e t a l  a tom  a t  one  end  o f  t h e  b i m e t a l l i c  com plex
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w i t h  t h e  m e t a l  a tom  a t  t h e  o t h e r  en d  when t h e  l i g a n d  b e n d s  

enough  f o r  them  t o  come i n t o  c l o s e  p r o x i m i t y .  My s t u d y  h a s  

i n v o l v e d  t h e  u s e  o f  t h i s  schem e d e v e lo p e d  by  T aube and  

c o w o rk e r s  b u t  a p p l i e d  t o  t h e  r i g i d  l i g a n d ,  1 , 4 - d i c y a n o - [ 2 . 2 . 2 }- 

b i c y c l o o c t a n e  an d  t o  a  m ore  f l e x i b l e  l i g a n d  w h ic h  s t i l l  

p r e v e n t s  c o n t a c t  o f  . t h e  f i r s t  c o o r d i n a t i o n  s p h e r e s  o f  t h e  

m e t a l  a to m s ,  t r a n s - 1 , 4 - d i c y a n o c y c l o h e x a n e R e s u l t s  h a v e  b e e n  

o b t a i n e d  w i t h  t h e  a q u o t e t r a a m m i n e c o b a l t ( I I I )  m o i e t y  b o u n d  t o  

e a c h  o f  t h e s e  s p e c i e s  a n d ,  i n  m ore  p r e l i m i n a r y  fo rm  w i t h  t h e  

d i a q u o t r i a m m i n e c o b a l t ( I I I )  m o i e t y  bound  t o  e a c h .  The l a t t e r  

s p e c i e s  p r o v i d e s  a  m o re  f a v o r a b l e  p o t e n t i a l  f o r  t h e  r e a c t i o n  

an d  much f a s t e r  r a t e s .

The b i m e t a l l i c  c o m p le x e s  a r e  s y n t h e s i z e d  a s  d i s c u s s e d  

i n  c h a p t e r  2 .  Scheme 1 i l l u s t r a t e s  t h i s  s e q u e n c e  f o r  t h e  

a q u o t e t r a a m m i n e c o b a l t ( I I I ) - p e n t a a m m i n e r u t h e n i u m ( I I I )  com plex  

o f  1 , 4 - d i c y a n o - [ 2 . 2 . 2  ] - b i c y c l o o c t a n e .  The v i s i b l e - u v  s p e c t ru m  

(498nm ,e= 62 ; 383nm, s h o u l d e r ;  283nm ,e= 613) i s  c h a r a c t e r i s t i c

o f  C o ( I I I ) N ^ 0  an d  R u ( I I I )  (NH^^NCR c o o r d i n a t i o n  s p h e r e s  

(w h ere  R i s  a  b r i d g e h e a d  n i t r i l e  ( 3 4 ) ;  t h e  c y c l i c  vo ltam m ogram  

(E ^ v s .  n . h .  e .= 0 .4 6 7 V )  i s  c h a r a c t e r i s t i c  o f  Ru(NH3 ) 5 NCR^+ ^ +

( 3 5 ) ,  and  t h e  i n f r a r e d  s p e c t ru m  shows R u ( I I I )  and  C o ( I I I )  

c o o r d i n a t i o n  o f  NCR g ro u p s  (3 4 c )  CN s h i f t s  f ro m  2240 cm"'*' 

f o r  t h e  l i g a n d  t o  2310 cm"'*' and  2240 cm"'*' when o n l y  Co ( I I I )  

i s  bound  t o  a  s i n g l e  p e a k  a t  2300 cm"'*' when b o t h  Co ( I I I )  and 

R u ( I I I )  a r e  b o u n d ) .  Any f r e e  l i g a n d  p r e s e n t  a f t e r  t h e  f i r s t  

s t e p  i n  t h e  s y n t h e s i s  i s  rem oved  by  e x t r a c t i o n  so no b i s ( r u t h e n i u m



Scheme 1 The s e q u e n c e  o f  r e a c t i o n s  u s e d  f o r  t h e  s y n t h e s i s  

o f  b i m e t a l l i c  c o m p le x e s  o f  C o ( I I I )  an d  R u ( I I I )  

w i t h  d ic y a n o  l i g a n d s .
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(NH3 ) 4 (H2 0)C oC 12+ +  NC— CN

( c f 3 s o 2 ) 2o

NC
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s p e c i e s  s h o u ld  b e  fo rm e d .  The e l e m e n t a l  a n a l y s i s  i s  i n

e x c e l l e n t  a g r e e m e n t  w i t h  t h e  p r o p o s e d  s t r u c t u r e s .
2+When e x c e s s  RuCNHg)^ i s  a d d e d  t o  t h e  b i m e t a l l i c

co m p lex ,  a s  shown i n  Scheme 2 , t h e  R u ( I I I )  a tom  i s  r e d u c e d
2+a n d  t h e  r e m a i n d e r  o f  t h e  Ru(NHg)g t h e n  p r o c e e d s  t o  r e d u c e

t h e  C o ( I I I )  s i t e  w i t h  a  r a t e  c o n s t a n t  o f  0 .54M “^ s - \  c o n s i s t e n t

w i t h  r a t e s  o b t a i n e d  by  E n d i c o t t  a n d  T aube f o r  t h e  r e d u c t i o n

o f  C o ( I I I )  ammine c o m p le x e s  ( i . e .  t h e  r a t e  c o n s t a n t  t h e y  o b -
2+t a i n e d  f o r  t h e  r e a c t i o n  o f  R u ^ H g ) ^  w i t h  a  Co ( I I I )  ^ 0

3+ -1  -1s p e c i e s ,  Co(NHg) ^ ( ^ 0 )  , i s  3M s , a t  an  i o n i c  s t r e n g t h

o f  0 . 2 2  r a t h e r  t h a n  0 . 1 0  w h ic h  s h o u ld  m e a s u r e  t h e  r a t e  b y  a
f Q ■ 2 2 ^1,

f a c t o r  o f  a b o u t  (2+) ( 3 + ) I '0 . 1 0 /  ao r  9 ) .  When l e s s  t h a n  a
2+s t o i c h i o m e t r i c  am ount o f  RuCNHg)^ i s  a d d e d ,  t h e  o n l y  R u ( I I )

i n  s o l u t i o n  a f t e r  m ix in g  i s  t h e  b i m e t a l l i c  co m p lex  ( r e d u c t i o n  
3+o f  R u^H bj^N C R  i s  r a p i d  an d  q u a n t i t a t i v e ) .  I n  t h i s  c a s e

( a t  25°C , 0.10M i o n i c  s t r e n g t h  w i t h  t r i f l u o r o m e t h a n e s u l f o n i c

a c i d  an d  t h e  c o n c e n t r a t i o n  o f  t h e  b i m e t a l l i c  com plex  a t  a b o u t

10"^M) r e d u c t i o n  o f  t h e  Co ( I I I )  i s  v e r y  s lo w : l e s s  t h a n  107=

a f t e r  1 0  h o u r s .

S in c e  no  r e a c t i o n  was o b s e r v e d ,  an  u p p e r  l i m i t  f o r  t h e

r e a c t i o n '  r a t e  c o n s t a n t  c a n  b e  e s t i m a t e d  u s i n g  t h e  i n t e g r a t e d
-6  "1r a t e  la w  f o r  a  f i r s t  o r d e r  r e a c t i o n  t o  b e  3x10"  s "  . To f i n d  

o u t  w h a t  t h e  b a r r i e r  o f  t h e  s a t u r a t e d  b r i d g e  l i g a n d  d o e s  t o  

t h e  r a t e  o f  e l e c t r o n  t r a n s f e r ,  we e s t i m a t e d  t h e  r a t e  e x p e c t e d  

f o r  t h e  same r e a c t i o n  w i t h o u t  t h e  b r i d g e .  I n  o r d e r  t o  e s t i m a t e  

t h e  r a t e  w i t h o u t  t h e  b r i d g e ,  t h e  r a t e  c o n s t a n t  f o r  t h e  a p p r o -
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p r i a t e  i n t e r m o l e c u l a r  r e a c t i o n  m u s t  b e  o b t a i n e d  and  th e n

m o d i f i e d  t o  a c c o u n t  f o r  t h e  f a c t  t h e  two m e t a l  a tom  s i t e s

w ould  be  h e l d  f i x e d  i n  a b i m e t a l l i c  c o m p lex .  U n f o r t u n a l y ,

t h e  d i r e c t  r e a c t i o n  o f  a  p e n t a a m m i n e r u th e n iu m ( I I I )  o r g a n o -

n i t r i l e  com plex  w i t h  an  a q u o t e t r a a m m i n e c o b a l t ( I I I )  com plex

a t  t h e  c o n c e n t r a t i o n s  a t  w h ic h  t h e s e  s p e c i e s  a r e  s o l u b l e  i n

a c i d i c  s o l u t i o n  ( 4  0 . 0 1 M) i s  t o o  s lo w  f o r  good  d a t a  t o  b e  o b -

t a i n e d .  As a  r e s u l t ,  I  o b s e r v e d  t h e  r e a c t i o n  o f  h exaam m ine-

r u t h e n i u m ( I I )  w i t h  1 - a d a m a n t y l c a r b o n i t r i l o a q u o t e t r a a m m i n e -

c o b a l t ( I I I )  and  h a v e  u s e d  t h e  M arcus  c r o s s  r e l a t i o n  t o  o b t a i n

t h e  e x p e c t e d  r a t e  f o r  t h e  r e a c t i o n  i n v o l v i n g  a p e n ta a m m in e -

r u t h e n i u m ( I I )  o r g a n o n i t r i l e  c o m p lex .  A t 25°C an d  an  i o n i c

s t r e n g t h  o f  0.10M ( t h e  i o n i c  s t r e n g t h  m u s t  b e  c a r e f u l l y

c o n t r o l l e d  b e c a u s e  t h e  r e a c t a n t s  a r e  b o t h  c h a r g e d ) , I  o b t a i n e d
- 1 - 1a  r a t e  c o n s t a n t  o f  7.0M s . As a  c h e c k  on t h e  a p p l i c a t i o n  

o f  r e s u l t s  f o r  t h i s  s i n g l e  s t e p  r e a c t i o n  t o  t h e  t w o - s t e p  

s e q u e n t i a l  r e a c t i o n  s e r i e s  we a r e  u s i n g  (Scheme 2 ) .  I  r a n  

r e a c t i o n s  w h ic h  a r e  f a s t e r ,  a l l o w i n g  me t o  m o n i t o r  b o t h  t h e  

d i r e c t  r e a c t i o n  o f  h e x a a m m in e r u th e n iu m ( I I )  a n d ,  i n  a  s e p a r a t e  

e x p e r im e n t ,  a  p e n t a a m m in e r u th e n iu m ( I I )  o r g a n o n i t r i l e  com plex  

w i t h  t h e  same c o b a l t ( I I I )  co m p le x ,  1 - a d a m a n t y l c a r b o n i t r i l o -  

d i a q u o t r i a m m i n e c o b a l t ( I I I ) . The s y n t h e s i s  f o r  t h e s e  compounds 

i s  d e s c r i b e d  i n  C h a p te r  I I .  The c o n c e n t r a t i o n s  o f  t h e  m e t a l  

co m p lex es  w ere  t y p i c a l l y  a b o u t  1 0 ”^M f o r  b o t h  t h e  r u th e n iu m  

and  t h e  c o b a l t  c o m p le x e s .  The m e th o d  i s  d e s c r i b e d  i n  d e t a i l  

i n  t h e  e x p e r i m e n t a l  s e c t i o n  o f  t h i s  c h a p t e r .  W ith  t h e  e x c e p t i o n



Schem e 2. The e l e c t r o n  t r a n s f e r  s e q u e n c e .

I n  t h e  f i r s t  r e a c t i o n ,  t h e  r u t h e n i u m ( I I I )  s i t e  

o f  t h e  b i m e t a l l i c  com plex  i s  r e d u c e d  r a p i d l y .

The s u b s e q u e n t  s lo w  r e d u c t i o n  o f  C o ( I I I )  can  

o c c u r  by  i n t e r m o l e c u l a r  o r . i n t r a m o l e c u l a r  r e a c ­

t i o n s .  A d d i t i o n  o f  e x c e s s  p e n t a a m m in e r u th e n iu m ( I I )  

l e a d s  t o  r e l a t i v e l y  r a p i d  r e d u c t i o n  o f  t h e  C o ( I I I ) .
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( n h 3 ) 5 r u ( i i i ) n c - ^ ~ ^ — c n c o ( i i i ) ( n h 3 ) 4 ( h 2 o > 6 ^  

Ru(NH3 ) g ^ ^  ( S t o i c h i o m e t r i c )

( n h 3 ) 5 r u ( i i ) n c - ^ ^ - c n c o ( i i i )  ( n h 3 ) 4 ( h 2 o ) 5+

E x c e s s  Ru(NH3 ) 6 2+ ĵ

,2 -f /T, _ \ 2 +(NH3 ) 5 R u ( I I ) N C - ^  ^ - C N  ' + Co(H 2 0 ) 6 i
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t h a t  i n  t h e  c a s e  o f  t h e  r e a c t i o n  i n v o l v i n g  1 - a d a m a n t y l c a r b o -

n i t r i l o p e n t a a m m i n e r u t h e n i u m ( I I )  a n d  1 - a d a m a n t y l c a r b o n i t r i l o -

d i a q u o t r i a m m i n e c o b a l t ( I I I ) , I  h a d  t h r e e  s o l u t i o n s  t o  p u r g e .

The s o l u t i o n  o f  t h e  c o b a l t  com plex  was p u r g e d  i n s i d e  t h e  c e l l

i n  t h e  c u v e t t e  h o l d e r .  The s o l u t i o n  o f  R u ( N H o ) ^ +  an d  t h eo 6

r u th e n iu m  o r g a n o n i t r i l e  co m p lex  w e re  p u r g e d  a t  t h e  same t im e  

on  t h e  a r g o n  l i n e ,  w h ic h  i s  d e s c r i b e d  i n  d e t a i l  i n  C h a p te r  I I  

I n  a l l  c a s e s ,  t h e  r e a c t i o n s  showed s e c o n d  o r d e r  k i n e t i c s  b e ­

h a v i o r .  The r a t e  c o n s t a n t s  w e re  c a l c u l a t e d  by  p l o t t i n g  

1 / a b s o r b a n c e  a g a i n s t  t im e  an d  o b t a i n i n g  t h e  s l o p e .  The r a t e  

c o n s t a n t s  an d  h a l f - l i v e s  o b t a i n e d  f ro m  t h e  s e c o n d  o r d e r  e q u a ­

t i o n ,  t ^  = 1 / k [ c o n c e n t r a t i o n ] Q •, w e re  1 .3 3  x  10^ M"^s~'*' w i t h

a  h a l f - l i f e  o f  1 .2 5  s e c o n d s  a t  c o n c e n t r a t i o n s  o f ' 6 . 0  x  1 0 - ^
2+f o r  t h e  r e a c t i o n  o f  RuCNHg)^ w i t h  1 - a d a m a n t y l c a r b o n i t r i l o -

d i a q u o t r i a m m i n e c o b a l t ( I I I )  a n d  3 w i t h  a  h a l f  l i f e  on

t h e  o r d e r  o f  10 m in u te s  f o r  t h e  r e a c t i o n  o f  R u ( l - a d a m a n t y l -
2+ca rb o n itr i lo )  (N ^)^  and C o(1-adam antylcarbonitrilo) (NH^)3“

(H^O^^"*", b o t h  a t  5 . 0  x  10“^ M. The much s lo w e r  r a t e  fo u n d
2 -fi n  t h e  r e a c t i o n  i n  w h ic h  R u ( l - a d a m a n t y l c a r b o n i t r i l o ) ( N H ^ ) 5  

i s  p r e s e n t  i n i t i a l l y  d e m o n s t r a t e s  t h a t  t h e  Ru(NHg)5 ^+ c e r ­

t a i n l y  does  r e d u c e  t h e  Ru(NH^)^NCR^"*’ m o ie ty  f i r s t .  The f a c t  

t h a t  t h e  r u t h e n i u m - n i t r i l e  bond  r e m a in s  i n t a c t  i s  d e m o n s t r a ­

t e d  by c y c l i c  vo ltam m ogram s t a k n e  b e f o r e  and  a f t e r  a d d i t i o n  

o f  Ru(NH3 ) g ^ + ( F i g u r e  7 ) .  The r a t e  o f  r e d u c t i o n  o f  t h e  

C o ( I I I )  s p e c i e s  i s  much s lo w e r  i n  t h e  c a s e  o f  r e d u c t i o n  by
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Oj_
RuCNHg^NCR com pared  w i t h  t h e  r e a c t i o n  o f  Co ( I I I )  w i t h  

2+Ru(NHg)g . T h is  i s  c o n s i s t e n t  w i t h  t h e  m ore  f a v o r a b l e  

r e d u c t i o n  p o t e n t i a l  ( a n d ,  h e n c e ,  l e s s  f a v o r a b l e  o x i d a t i o n )  

o f  Ru(NHg) c jN C R '^^’1" com pared  w i t h  Ru(NH^) - T h is

d i f f e r e n c e  i n  r e d u c t i o n  p o t e n t i a l  i s  t h e  m o s t  i m p o r t a n t  f a c t o r  

n e e d e d  t o  o b t a i n  t h e  e x p e c t e d  r a t e  f o r  t h e  r e a c t i o n  o f  t h e  

p e n ta a m m ,in e r u th e n iu m ( I I I )  o r g a n o n i t r i l e  s p e c i e s  w i t h  

1 - a d a m a n t y l c a r b o n i t r i l o a q u o t e t r a a m m i n e c o b a l t ( I I I )  f ro m  t h e  

r a t e  o b t a i n e d  f o r  t h e  r e a c t i o n  o f  h e x a a m m i n e r u t h e n i u m ( I I ) .

M a rc u s 1 c r o s s  r e l a t i o n  i s :  k1 2  V C k - ^ k  K ^ f ) . ^  ( 3 6 ) .  To g e t  

t h e  r a t e  o f  one c r o s s  r e a c t i o n  (RuCNH^)^NCR. +  + Co(NH^)^- 

(^CONCR^"1") f ro m  t h e  r a t e  o f  a n o t h e r  R u ^ H ^ )^ "* "  +  CoCNH^)^ - 

(1 ^0 )  NCR ) ,  t h e  m o s t  i m p o r t a n t  f a c t o r  w i l l  b e  K-j^ a n d  a  

s i g n i f i c a n t  b u t  l e s s  i m p o r t a n t  f a c t o r  i s  " f " .  O th e r  f a c t o r s  

t h a t  c o n t r i b u t e  t o  4G c a n  b e  e l i m i t e d  a s  f o l l o w s .  Com plexes 

o f  t h e  same m e t a l  i o n s  w i t h  s i m i l a r  m e t a l - l i g a n d  b o n d s  ( i . e .

C o ( I I I ) - w i t h  5 n i t r o g e n  a tom s an d  o n e  oxygen  a tom  bound  and  

R u ( I I )  w i t h  s i x  n i t r o g e n  a tom s i n  b o t h  r e a c t i o n s )  s h o u ld  h a v e  

s i m i l a r  i n n e r - s p h e r e  r e o r g a n i z a t i o n  e n e r g i e s  ( t h e  p r i n c i p a l  

com ponen t o f  t h e  F ra n c k -C o n d o n  b a r r i e r ) . C om plexes o f  t h e  

same c h a r g e s  and  s i z e s  h a v e  v e r y  s i m i l a r  o u t e r - s p h e r e  r e ­

o r g a n i z a t i o n  e n e r g i e s  and  c o u lo m b ic  w ork  t e r m s .  T h u s ,  t h e  

o n ly  r e m a in in g  f a c t o r s  t h a t  m ig h t  c a u s e  an  a p p r e c i a b l e  

d i f f e r e n c e  i n  r a t e s  o f  two r e a c t i o n s  o f  t h i s -  t y p e  a r e  t h e  

o v e r a l l  d r i v i n g  f o r c e  due t o  t h e  p o t e n t i a l  d i f f e r e n c e  and  t h e  

f a c t o r  f .



F i g u r e  6 . A p l o t . o f  a b s o r b a n c e  d a t a  ( a s  1 / c o n c e n t r a t i o n )

v s .  t im e  f o r  t h e  r e a c t i o n  o f  l ' - a d a m a n t y l c a r b o n i t r i l o -  

p e n ta a m m in e r u th e n i t im ( I I )  w i t h  d i a q u o t r i a m m i n e c o b a l t  ( I I I )  

i n  a q u e o u s  t r i f l u o r o m e t h a n e  s u l f o n i c  a c i d  s o l u t i o n  

( 1 = 0 .10M) a t  25 C. The l i n e a r  p l o t s  a r e  c o n s i s t e n t  

w i t h  s e c o n d  o r d e r  b e h a v i o r .  The c o n c e n t r a t i o n s  

o f  R u ( I I )  and  C o ( I I I )  w e re  4 .5  x  1 0 ”^M and

4 .5  x  1 0 - 4 M, r e s p e c t i v e l y .  The r a t e  c o n s t a n t s
-1  -1o b t a i n e d  f ro m  t h e s e  p l o t s  a r e  3 . 1  M s and

3 . 6  M- 1 s - 1 .
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F i g u r e  7 .  C y c l i c  vo ltam m ogram s o f  y - 1 , 4 - d i c y a n o - [2 .2 .2 ] - -

p e n t a a t n m i n e r u th e n iu m ( I I I )  a q u o t e t r a a m m in e c o b a l t  ( I I I )  

b e f o r e  ( r i g h t )  and  a f t e r  ( l e f t )  t h e  a d d i t i o n  o f  an  

e q u i v a l e n t  am ount o f  p e n t a a m m i n e r u t h e n i u m ( I I ) .

B o th  vo ltam m ogram s w e re  o b t a i n e d  i n  d im e th y l fo r m a m id e  

(0.10M  te t r a b u ty la m m o n iu m  p e r c h l o r a t e )  u s i n g  p l a t i n u m  

w i r e s  f o r  w o rk in g  and  a u x i l i a r y  e l e c t r o d e s  and  a 

Ag/AgCl r e f e r e n c e  e l e c t r o d e .
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To u s e  t h e  M arcus  c r o s s  r e l a t i o n ,  t h e  v a l u e s  o f  

a n d  k 2 2  ( t h e  s e l f  e x c h a n g e  r a t e s  f o r  t h e  c o b a l t  com plex  i n  

t h e  2+ and  3+ s t a t e s  and  f o r  t h e  r u th e n iu m  com plex  i n  t h e  

2+ an d  3+ s t a t e s ,  r e s p e c t i v e l y )  and  K-^ ( t h e  o v e r a l l  

e q u i l i b r i u m  c o n s t a n t  f o r  t h e  r e a c t i o n  o f  a  p a r t i c u l a r  C o ( I I I )  

an d  R u ( I I )  com p lex )  m u s t  b e  e s t i m a t e d .  The s e l f - e x c h a n g e  

r a t e s  f o r  t h e  C o ( I I I )  c o m p le x e s  I  h a v e  s t u d i e d  s h o u ld  b e  v e r y  

s i m i l a r  t o  t h o s e  o f  o t h e r  s m a l l  c o b a l t ( I I I )  ammine c o m p le x e s .
3 _1_ / O-f-

Due t o  d i f f i c u l t i e s  w i t h  t h e  m e a s u re m e n t  o f  t h e  CotNHg)^ 

s e l f - e x c h a n g e  r a t e  ( 3 7 ) ,  t h e  b e s t  e s t a b l i s h e d  s e l f - e x c h a n g e  

r a t e  f o r  a  c o b a l t  am ine co m p lex  i s  t h a t  o f  C o ^ t h y l e n a d i a m i n e ) ^  

w h ic h  i s  5 x lO - ^M~^s- ^ a t  25 C a n d 'a n  i o n i c  s t r e n g t h  o f  

0.10M ( 3 8 ) .  L i k e w is e ,  t h e  s e l f - e x c h a n g e  r a t e s  f o r  t h e  

r u th e n iu m  c o m p le x e s  I  h a v e  s t u d i e d  s h o u ld  b e  s i m i l a r  t o  t h o s e  

o f  o t h e r  ru th e n iu m a m m in e  c o m p le x e s .  U s in g  t h e  v a l u e s  o f  t h e  

Ru(NH^) s e l f - e x c h a n g e  r a t e  c o n s t a n t s  o f  M eyer and  Taube

(39) an d  c o r r e c t i n g  t o  an  i o n i c  s t r e n g t h  u s i n g  t h e  r e l a t i o n ­

sh ip :  log k  = log kQ +  (.2ZXZ2  a (u).^) /  ( 1  + p(y)%) : (2 1 )

where a -  0.51 and (3 = 0,329 , giyeq a  pa te  constan t o f  2 x  103 .

The v a l u e  f o r  t h e  r e d u c t i o n  p o t e n t i a l s  o f  c o b a l t ( I I I )  

ammine c o m p le x e s  c a n n o t  b e  d i r e c t l y  d e t e r m in e d  b e c a u s e  t h e  

e l e c t r o n  t r a n s f e r  r e a c t i o n s  o f  t h e s e  co m p le x e s  a t  e l e c t r o d e  

s u r f a c e s  a r e  t o o  s lo w . The s e l f - e x c h a n g e  r a t e s  d i s c u s s e d  ab o v e  

an d  t h e  r e a c t i o n  r a t e  f o r  t h e  c r o s s  r e a c t i o n s  o f  t h e  c o b a l t ( I I I )  

an d  r u t h e n i u m ( I I )  co m p le x e s  c a n  be  u s e d  i n  t h e  M arcus  c r o s s  

r e l a t i o n  e q u a t i o n ,  h o w e v e r ,  t o  e s t i m a t e  p o t e n t i a l s  o f  t h e
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o v e r a l l  r e a c t i o n s .  T h i s  e q u a t i o n  g i v e s  E = 0 .3 1 7 V  f o r  

t h e  o b s e r v e d  r e a c t i o n  a n d  E = -0 .1 0 0 V  f o r  t h e  d e s i r e d

r e a c t i o n .  W ith  t h e s e  v a l u e s  i n  h e a d ,  we c a n  now c a l c u l a t e  

t h e  f a c t o r  f  a n d  t h e  d i f f e r e n c e  i n  t h e  r a t e  e x p e c t e d  by 

c h a n g in g  K]_£- I t  s h o u ld  b e  k e p t  i n  m in d  t h a t  t h e  r a t e  d e p -  

en d s  on f  b y  t h e  r e l a t i o n s h i p :  k ' + k ( f ' / f ) 2 . The f a c t o r  f  ,

f o r  t h e  o b s e r v e d  r e a c t i o n  i s :

p o t e n t i a l s  w h ic h  w e re  u s e d  ( 0 .3 1 7 v  and  -0 .1 0 0 V )  a r e  q u e s t i o n ­

a b l e  from  t h e  M arcus  c r o s s  r e l a t i o n ,  b u t  t h e  v a l u e  o f  f  i s  

q u i t e  i n s e n s i t i v e  t o  K-^ u n l e s s  i t  i s  v e r y  l a r g e  ( i . e .  c h a n g ­

in g  t h e  v a l u e s  o f  t h e  p o t e n t i a l s  t o  0 .2 1 7 v  and 0 .2 0 0 v  g i v e s  

( f ' ) %/ ( f ' ) ^ = 1 . 1 7  i n s t e a d  o f  1 . 3 6 ) .

U s in g  t h e  v a l u e  f o r  ae t h a t  I  h a v e  d e t e r m in e d  f o r
0_}_ / O I

1 , 4 - d i c y a n o -  [2 . 2 . 2  ] - b ic y c l o o c t a n e p e n t a a m m i n e r u t h e n i u m  ,

(w h ich  i s  n e a r l y  i d e n t i c a l  t o  t h a t  o f  1 - a d a m a n t y l c a r b o n i t r i l o -
3 + /2 +p e n ta a m m in e ru th e n iu m  ' ) ,  g i v e s

In  f  = ( k* K1 2  )2 /  4  = (23.06) (0.317) ,2 
 "0 .600  J /  ^  (5xl0"5 ) (2x103)

In  kl l  k 2 2  

Z2

4
(22)

o r  f = 0 .5 0 9 .  The f a c t o r  f ' f o r  t h e  d e s i r e d  r e a c t i o n  i s

In  f '  =
(23.06) (-0.100) ,2 

0.600 J -0.067 (23)
4

so f '= 0 . 9 3 5  and  ( f ' ) ^ / ( f ) ^ = 1 . 3 6 .  The a b s o l u t e  v a l u e  f o r  t h e
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^   ̂ £ i j£  y%. g ( n  F AE /  RT ) (24)

k ' = 7.0 M" 1  s " 1  (1.36) exp (-0.417)(23.06 kcal)  /  (2)(1.987 c a l  ) (298K)
mol-V ncTTK

k ' = 2.7 x 10- 3  H' 1  s " 1

As e x p e c t e d  f ro m  t h e  l e s s  f a v o r a b l e  p o t e n t i a l  f o r  o x i d a t i o n
2+o f  t h e  ^ ( N H ^ ) ^  NCR c o m p lex ,  t h e  p r e d i c t e d  r e a c t i o n  r a t e

f o r  t h e  i n t e r m o l e c u l a r  r e a c t i o n  o f  t h e  o r g a n o n i t r i l e  r u t h e n i u m ( I I )

co m p lex  i s  much s lo w e r  t h a n  t h a t  o f  h e x a a m m i n e r u t h e n i u m ( I I ) .

Once we h a v e  o b t a i n e d  t h e  a p p r o p r i a t e  i n t e r m o l e c u l a r

r e a c t i o n  r a t e  c o n s t a n t ,  i t  h a s  t o  b e  m o d i f i e d  b y  two f a c t o r s

t h a t  d i f f e r e n t i a t e  an  i n t r a m o l e c u l a r  r e a c t i o n  w i t h  f i x e d  m e t a l

i o n s  f ro m  t h e  i n t e r m o l e c u l a r  r e a c t i o n .  The f i r s t  o f  t h e s e

f a c t o r s  i s  t h e  a d v a n ta g e  o f  p r e a s s e m b ly  o f  t h e s e  p o s i t i v e l y

c h a r g e d  m e t a l  a tom  s i t e s  i n  t h e  b i m e t a l l i c  co m p le x .  T h is

f a c t o r  i s  o b t a i n e d  f ro m  t h e  e q u a t i o n  f o r  c o u lo m b ic  w o rk ,  wr  = 
(Z,Z0e2)

“ , , f  v. The f a c t o r  w^ h a s  (25) b e e n  c a l c u l a t e d  f o r  aq u eo u s
Ds ic(1+k) o r
s o l u t i o n s  a t  25 C an d  an  i o n i c  s t r e n g t h  o f  0.10M f o r  

Ru(NHg) g3+ ^ + b y  S u t i n  and c o w o rk e rs  t o  h a v e  a  v a l u e  o f  1 .8  

k c a l / m o l e  ( 2 1 ) .  The s e c o n d  a l t e r a t i o n  i s  a  s t a t i s t i c a l  f a c t o r  

t o  a c c o u n t  f o r  th e .  e f f e c t i v e  c o n c e n t r a t i o n  o f  two m e t a l  

c o m p le x e s  a t  t h e i r  c o n t a c t  d i s t a n c e s .  F o r  a n y  s e c o n d  o r d e r  

i n t e r m o l e c u l a r  r e a c t i o n ,  t h e  r a t e  a s  a  f u n c t i o n  o f  c o n c e n t r a t i o n  

w ould  e v e n t u a l l y  r e a c h  a  p l a t e a u  a t  h i g h  c o n c e n t r a t i o n  when 

t h e  p r o b a b i l i t y  o f  t h e  two s p e c i e s  b e i n g  i n  c l o s e  p r o x i m i t y  

a p p r o a c h e s  u n i t y .  The s t a t i s t i c s  o f  t h i s  s i t u a t i o n  h a s  b e e n
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t r e a t e d  by K re i tm a n  and  Hamaker ( 2 5 ) .  I n  t h e i r  t r e a t m e n t ,  

t h e y  u s e d  v o lu m es  f o r  t h e  two " i m p u r i t i e s "  i n  t h e  c l o s e -  

p a c k e d  l a t t i e s .  In  o u r  c a s e  we a r e  d e a l i n g  w i t h  s p e c i e s  

w h ic h  a r e  o f  q u i t e  d i f f e r e n t  s i z e  ( t h e  R u ( I I )  and  C o ( I I I )  

c o m p le x e s )  t h a n  t h e  s o l v e n t .  T h e r e f o r e ,  we h a v e  c h o s e n  t o  

u s e  m o la r 'v o lu m e  f r a c t i o n s  r a t h e r  t h a n  m o le  f r a c t i o n s .  We 

a r e  u s i n g  t h e  c l o s e - p a c k e d  f a c e  c e n t e r e d  c u b i c  l a t t i c e  f o r

o u r  m o d e l  o f  t h e  l i q u i d  s t a t e .  The r a d i i  o f  t h e  co m p le x e s
o o

i s  t a k e n  t o  b e  a p p r o x i m a t e l y  7 .2 A  ( u s i n g  a  r a d i u s  o f  6 . 6 A

f o r  Ru(NH2 ) ^ + an d  2A a d d i t i o n a l  f o r  t h e  b r i d g e  an d  t h e
_ j,

e q u a t i o n ,  a=% (d^d 2 d g ) 2 (23) ) ;  g i v i n g  a  m o la r  v o lum e o f

0 .9 4  l i t e r s  o r  a  c o n c e n t r a t i o n ,  i f  one  c o u ld  make an  e n t i r e  

s o l u t i o n  c o n s i s t i n g  o n l y  o f  t h e  m e t a l  com plex  i o n ,  o f  1.06M. 

K re i tm a n  and  Hamaker g i v e  t h e  f o l l o w i n g  e q u a t i o n s  f o r  t h e  

p r o b a b i l i t y  o f  p r o x i m i t y  o f  t h e  two " i m p u r i t i e s " ,  i . e .  t h e  

R u ( I I )  an d  C o ( I I I )  i n n e r  c o o r d i n a t i o n  s p h e r e s  on o u r  c a s e ) :
-] O

1 2  ab ( 1  -  x  ) /  x  f o r  m ix ed  d o u b le  i n t e r a c t i o n ,

36 a ^ b (  1 —x  ) ^  5 (  1 -x  ) +  2 /  x  f o r  m ix e d  open  t r i p l e
9 9 9  9 9 9i n t e r a c t i o n s  and  48 a b  ( 1 - x )  / x  and  24  ab ( 1 -x  ) / x

f o r  m ix e d  c l o s e d  t r i p l e  i n t e r a c t i o n s . At t h e  v o lum e f r a c t i o n

o f  1 .0 x 1 0 " ^  ( i . e .  1.06xl0**^M ), t h e  p r o b a b i l i t i e s  o f  a  and  b
-3  -3b e in g  a d j a c e n t  a r e , . r e s p e c t i v e l y , 5 .8 x 1 0  , 0 .0 8 x 1 0  ,

0 .0 8 x 1 0 ”^ ,  0 . 0 2 x 1 0 "^ and  0 . 0 1 x 1 0 "^ f o r  a  t o t a l  o f  6 . 0 x 1 0 " ^ .  

T h u s ,  t h e  r a t e  f o r  t h e  i n t e r m o l e c u l a r  r e a c t i o n  a t  a  g iv e n  

c o n c e n t r a t i o n  h a s  a  p r o b a b i l i t y  f a c t o r  a b o u t  s i x  t im e s  a s
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o o
g r e a t  a s  t h e  m a g n i tu d e  o f  t h a t  c o n c e n t r a t i o n  ( 6 . 0 x 1 0  / l . 06x10 ) .

From t h i s  a n a l y s i s ,  we t a k e  t h e  c o n v e r s i o n  f a c t o r  f o r  t h e

t h e  e f f e c t i v e  c o n c e n t r a t i o n  t o  b e  1/6M. The e x p e c t e d  r a t e  f o r
-3  -1  -1t h e  i n t r a m o l e c u l a r  r e a c t i o n  i s ,  t h e r e f o r e ,  2 .7 x 1 0  M s  x

1 -2  - 1  22x6M = 1 .0 x 1 0  s i .

The t h e o r i e s  m o s t  commonly a p p l i e d  t o  p r e d i c t i o n s  o f

r a t e s  o f  t u n n e l i n g  r e a c t i o n s  a r e  d u e  t o  H o p f i e l d  a n d  J o r t n e r

( 3 , 2 3 ) ,  M arcus  and  S i d e r s  (40) h a v e  d i s c u s s e d  t h e  im p o r t a n c e

o f  d i s t i n g u i s h i n g  c a s e s  i n v o l v i n g  m a t t e r  b e tw e e n  t h e  s i t e s
— T /1 y

( a s  i n  H o p f i e l d ' s  e s t i m a t i o n  o f  e ’ f o r  c y to c h r o m e s )  (3)
_ 2

a n d  c a s e s  i n v o l v i n g  v acuum  ( J o r t n e r ' s  e s t i m a t e  o f  e "  ' )

( 2 5 ) .  A l l  a p p r o a c h e s  h a v e  r e s u l t e d  i n  an  e x p o n e n t i a l  d e p e n d e n c e  

o f  t h e  r a t e  on d i s t a n c e ,  b u t  t h e  v a l u e  o f  t h e  e x p o n e n t i a l

f a c t o r  i s  d i f f i c u l t  t o  a s c e r t a i n  t h e o r e t i c a l l y .  Our o b s e r v e d
4 ° -2  3 rv a l u e  o f  o v e r  10 f o r  4A r e q u i r e s ' a  v a l u e  o f  a t  m o s t  e  ' ( 4 1 ) .

I t  i s ' c e r t a i n l y  p o s s i b l e  f o r  e l e c t r o n  t r a n s f e r  r e a c t i o n s  t o

o c c u r  o v e r  l a r g e  d i s t a n c e s ,  a s  r e c e n t l y  shown by  C a l c a t e r r a ,

C lo s s  and  M i l l e r  ( 3 1 ) ,  b u t  i t  a p p e a r s  f ro m  t h i s  w o rk  t h a t

f u r t h e r  e x p e r i m e n t s  now i n v o l v i n g  h i g h e r  d r i v i n g  f o r c e s  a n d / o r

s h o r t e r  b a r r i e r s  w i l l  b e  n e c e s s a r y  t o  a c h e i v e  m e a s u r a b l e

e l e c t r o n  t r a n s f e r  r e a c t i o n s  w i t h  b i m e t a l l i c  c o m p le x e s  o f

R u ( I I )  and  C o ( I I I ) .  .

One a p p r o a c h  we h a v e  made i s  t o  i n c r e a s e  t h e  d r i v i n g  f o r c e

b y  u s i n g  a  d i a q u o t r i a m m i n e c o b a l t ( I I I )  m o ie ty .  My i n i t i a l

e x p e r im e n t s  w i t h  a  b i m e t a l l i c  com plex  o f  1 , 4 - d i c y a n o - [ 2 . 2 . 11 -
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b i c y c l o o c t a n e  w i t h  t h i s  m o ie ty  and  p e n ta a m m in e r u th e n iu m ( I I )
O i /

p r o d u c t i o n  o f  Co (1 ^0 )  g ( i . e .  t ^  1 m in u te  a t  10" M) o c c u r s .

To i n t e r p r e t  t h e s e  d a t a ,  a  l a r g e  num ber o f  r u n s  m u s t  b e  made

t o  s e e  i f  t h e  p l o t  o f  t h e  s e c o n d - o r d e r  r a t e  c o n s t a n t  o b t a i n e d

i s  l i n e a r  w i t h  c o n c e n t r a t i o n  o r  i f  t h e  r e a c t i o n  becom es f i r s t

o r d e r  a t  low  c o n c e n t r a t i o n s .  T h i s  s t u d y  r e q u i r e s  much m ore

o f  t h e  1 , 4 - d i c y a n o - [ 2 . 2 . 2 ] - b i c y c l o o c t a n e  l i g a n d  t h a n  i s  now

a v a i l a b l e  an d  f u r t h e r  s t u d y  i s  b e i n g  u n d e r t a k e n  by  D r. K e n n e th

W ilk o w sk i an d  o t h e r  members o f  o u r  g r o u p .  D r .  W ilk o w sk i  and

I  h a v e  a l s o  m o n i t o r e d  t h e  r e a c t i o n  o f  t h e  b i m e t a l l i c  com plex

o f  t r a n s - 1 , 4 - d i c y a n o c y c l o h e x a n e  w i t h  d i a q u o t r i a m m i n e c o b a l t ( I I I )

and  p e n ta a m m in e r u th e n iu m ( I I )  a t t a c h e d .  T h is  s p e c i e s  shows

se c o n d  o r d e r  r e d u c t i o n  o f  C o ( I I I )  t h a t  i s  d i r e c t l y  c o n c e n t r a t i o n

dependent over t h e  c o n c e n tr a t io n  range o f  2 x 1 0 _4M to  5x10“4M
— - I  - 1w i t h  a  r a t e  c o n s t a n t  o f  556 27 M s ( c o r r e l a t i o n  c o e f f i c i e n t s

o f  0 .9 9 8  o r  b e t t e r  f o r  r u n s  a t  f i v e  d i f f e r e n t  c o n c e n t r a t i o n s ,

1 = 0 .10M, T = 2 5 .0 ° C ) ,  I f  t h e  e f f e c t i v e  c o n c e n t r a t i o n  f o r

c o m p a r is o n  o f  i n t r a m o l e c u l a r  and  i n t e r m o l e c u a r  r a t e  c o n s t a n t s

i s  t a k e n  t o  b e  3 . 7M and  i t  i s  a ssu m ed  t h a t  a s  much a s  20%

o f  t h e  r e a c t i o n  c o u ld  b e  f i r s t - o r d e r  ( i n t r a m o l e c u l a r )  t h e

i n h i b i t i o n  by  t h e  s a t u r a t e d  l i g a n d  w ou ld  b e  a  f a c t o r  o f  
5 x 3 .7
2 x l 0 “ 4  = 9 x l 0 4 .

To e x te n d  t h e s e  s t u d i e s ,  t h e  e a s i e s t  m e th o d  w o u ld  i n v o l v e  

u s i n g  t h e  same c o m p le x e s  b u t  u s i n g  s o l v e n t s  o f  lo w e r  d i e l e c t r i c  

c o n s t a n t  i n  o r d e r  t o  s lo w  down t h e  i n t e r m o l e c u l a r  r e a c t i o n
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w i t h o u t  g r e a t l y  a f f e c t i n g  t h e  i n t r a m o l e c u l a r  r e a c t i o n .  The 

c o u lo m b ic  w ork  te rm  i s  i n v e r s e l y  d e p e n d e n t  on t h e  s t a t i c  

d i e l e c t r i c  c o n s t a n t ;

wr  = ( Z1 Z2 e2) /  Ds K ( 1  +  K ) (25)

where: k = ( . 8  ir e 2  y /  1000 Ds R T

r e d u c i n g  a  r e a c t i o n  w i t h  a  r a t e  c o n s t a n t  o f  1  s e c ” '*' i n  w a t e r
o  _ i  _ 5

t o  4 .2 x 1 0  s i n  m e th a n o l  an d  3x10 i n  a c e t o n e .  The s o l v e n t  

r e a r r a n g e m e n t  t e r m ,  AG , h o w e v e r ,  i s  p r i n c i p a l l y  d e p e n d e n t  on 

t h e  o p t i c a l  d i e l e c t r i c  c o n s t a n t ,  w h ic h  i s  q u i t e  s i m i l a r  f o r  

s e v e r a l  r e a s o n a b l e  s o l v e n t  s y s te m s  ( e . g .  1 .7 8  f o r  1 ^ 0 ,  1 .7 7

f o r  MeOH, 1 .8 5  f o r  a c e to n e ) , ,  so  t h e  i n t r a m o l e c u l a r  r a t e  w o u ld  

b e  o n l y  s l i g h t l y  a f f e c t e d .  O th e r  e x p e r i m e n t s  c o u l d  i n v o l v e  

l i g a n d s  w i t h  s h o r t e r  d i s t a n c e s  b e tw e e n  t h e  m e t a l  a tom s o r  

co m p le x e s  w i t h  g r e a t e r  d r i v i n g  f o r c e s .

From t h i s  w o rk ,  i t  i s  c l e a r  t h a t  ev en  s h o r t  s a t u r a t e d  

b a r r i e r s  s u c h  a s  b i c y c l o o c t a n e  o r  c y c lo h e x a n e  c a n  i n h i b i t  

e l e c t r o n  t r a n s f e r  b e tw e e n  m e t a l  i o n s .  We h a v e  fo u n d  t h e  i n ­

h i b i t i o n  f a c t o r  t o  b e  a t  l e a s t  1 0 ^ t o  1 0 ^ f o r  c o m p le x e s  o f

r u t h e n i u m ( I I )  an d  c o b a l t ( I I I )  i n  w h ic h  t h e  s e p a r a t i o n  b e tw e e n
o

t h e  m e t a l  a tom s  i s  n o  m ore  t h a n  4A b ey o n d  t h e  n o r m a l  r a d i u s  

o f  t h e  f i r s t  c o o r d i n a t i o n  s p h e r e .  T h i s  i n h i b i t i o n  f a c t o r  i s  

g r e a t e r  t h a n  t h a t  p r e d i c t e d  b y  H o p f i e l d  and  a t  l e a s t  a s  g r e a t  

a s  t h a t  p r e d i c t e d  b y  J o r t n e r .  The r a n g e  o f  p o s s i b l e  s e p a r a t i o n  

d i s t a n c e s  o f  c y to c h ro m e s  h a s  b e e n  w id e  - f ro m  o n ly  a  few  

A n g s tro m s t o  t e n s  o f  A n g s tro m s .  The r e a c t i o n s  o f  c y to c h ro m e s
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i n  m i t o c h r o n d r i a  a r e  r e l a t i v e l y  f a s t  -  w i t h i n  a  few  o r d e r s  

o f  m a g n i tu d e  o f  t h e i r  r e a c t i o n s  i n  hom ogeneous s o l u t i o n  ( 1 ) .

The g r e a t  i n h i b i t i o n  a t  s u c h  s h o r t  d i s t a n c e s  w h ic h  we h a v e  

o b s e r v e d  i n d i c a t e s  t h a t  e i t h e r  t h e  d o n o r  and  a c c e p t o r  s i t e s  

o f  t h e  c y to c h ro m e s  i n  m i t o c h r o n d r i a  m u s t  b e  v e r y  c l o s e  t o  

o n e  a n o t h e r  ( w i t h i n  5&) a t  t h e  t im e  o f  e l e c t r o n  t r a n s f e r  o r  

t h a t  p r o t e i n s  c a n  a l l o w  e l e c t r o n  t r a n s f e r  t o  o c c u r  m ore  

r e a d i l y  t h a n  s a t u r a t e d  m o l e c u l e s .  More e x p e r i m e n t s  w i l l  be  

r e q u i r e d  i n  w h ic h  t h e  t y p e  o f  l i g a n d  b e tw e e n  t h e  m e t a l  i o n s  

i s  c h a n g e d  an d  i n  w h ic h  t h e  m e t a l  s i t e s  t h e m s e l v e s  a r e  c h a n g e d  

a l s o .  A t l e a s t  i n  t h e  c a s e  o f  c o b a l t  an d  r u th e n iu m  c o m p lex es  

o f  t h e  s a t u r a t e d  l i g a n d s ,  1 , 4 - d i c y a n o - [2 . 2 . 2 ] - d i c y a n o c y c l o h e x a n e , 

t h e r m a l  e l e c t r o n  t r a n s f e r  i s  g r e a t l y  i n h i b i t e d  b y  t h e  s a t u r a t e d  

b a r r i e r .

The f o l l o w i n g  c h a p t e r  d e s c r i b e s  t h e  s y n t h e s i s  an d  t h e  

k i n e t i c s  o f  f o r m a t i o n  an d  d e c o m p o s i t i o n  r e a c t i o n s  o f  t h e  

c o m p le x e s  d e s c r i b e d  i n  t h i s  c h a p t e r .  The s t u d y  o f  t h e s e  

c o m p le x e s  r e q u i r e d  t h e  d e v e lo p m e n t  o f  new s y n t h e t i c  m e th o d s .

The co m p le x e s  h a d  t o  b e  w e l l  c h a r a c t e r i z e d  a n d  t h e i r  s t a b i l i t y  

i n  s o l u t i o n  h a d  t o  b e  e s t a b l i s h e d .  T h e se  r e l a t e d  s t u d i e s  

p ro d u c e d  r e s u l t s  w h ic h  a r e  i n t e r e s t i n g  i n  t h e i r  own r i g h t  and  

w h ic h  a r e  d i s t i n c t  f ro m  t h e  s tu d y  o f  e l e c t r o n  t r a n s f e r  r e a c t i o n s  

p r e s e n t e d  i n  t h e  f i r s t  c h a p t e r .
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CHAPTER 2

A. I n t r o d u c t i o n

I n  t h i s  c h a p t e r ,  t h e  s y n t h e s i s ,  and  t h e  k i n e t i c s  o f  

f o r m a t i o n  and  d e c o m p o s i t i o n . o f  r u t h e n i u m ( I I I )  n i t r i l e  

co m p le x e s  and  t h e  s y n t h e s i s  o f  b i m e t a l l i c  c o m p le x e s  o f  

r u t h e n i u m ( I I I )  an d  c o b a l t ( I I I )  w i l l  b e  d i s c u s s e d .  The 

o b j e c t i v e  f o r  s tu d y i n g  f o r m a t i o n  a n d  d e c o m p o s i t i o n  r e a c t i o n s  

o f  t h e s e  co m p le x e s  i s  t o  b e  a b l e  t o  l e a r n  a b o u t  t h e  s t a b i l i t y  

o f  t h e s e  co m p le x e s  b e f o r e  u n d e r t a k i n g  t h e  k i n e t i c s  s t u d i e s  

o f  t h e  e l e c t r o n  t r a n s f e r  r e a c t i o n s  w i t h  t h e  b i m e t a l l i c  

c o m p le x e s .

A v e r y  i m p o r t a n t  o b j e c t i v e  o f  t h i s  p r o j e c t  was t o  d e v e lo p  

a  s y n t h e s i s  f o r  m ix e d  b i m e t a l l i c . c o m p l e x e s  w h ic h  a v o id s  

r u t h e n i u m ( I I )  a s  an  i n t e r m e d i a t e .  The b i m e t a l l i c  c o m p lex es  

h a v e  b e e n  s y n t h e s i z e d  w i t h  t h e  a i d  o f  S a r g e s o n ' s  an d  c o w o r k e r s '  

i d e a  o f  u s i n g  l a b i l e  t r i f l u o r o m e t h a n e s u l f o n a t e  co m p le x e s  a s  

i n t e r m e d i a t e s  ( 4 2 ) .  The t y p i c a l  p r o c e d u r e  t h a t  a r e  p r e s e n t l y  

u s e d  t o  make r u t h e n i u m ( I I I )  c o m p le x e s  i n v o l v e  t h e  u s e  o f  

r e l a t i v e l y  l a b i l e  r u t h e n i u m ( I I )  i n t e r m e d i a t e s  s u c h  as  

Ru(NH3 ) 5 (H2 0) 2+ o r  Ru(NH3 ) 4 (S0 3 ) (H 2 0) . ( 4 3 ,4 4 ) .  Once

t h e  l a b i l e  l i g a n d  on t h e  r u t h e n i u m ( I I )  com plex  g e t s  r e p l a c e d  

by t h e  d e s i r e d  l i g a n d ,  o x i d a t i o n  t o  r u t h e n i u m ( I I )  i s  a c c o m p l i s h e dj

w i t h  r e a g e n t s  s u c h  a s  A g ( I ) ( 4 5 ) ,  C e ( I V ) ( 4 5 ) ,  B r2 ( 4 6 ) ,  H2 0 2 ( 4 4 ) .  

In  some c a s e s ,  t h e s e  m e th o d s  a r e  n o t  i d e a l ,  an d  t h e  u s e  o f  t h e
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t r i f l u o r o m e t h a n e s u l f o n a t e  com plex  t o  a v o id  t h e  u s e  o f  . 

r u t h e n i u m ( I I )  a s  an  i n t e r m e d i a t e  becom es i m p o r t a n t .  Some 

o f  t h e  r e a s o n s  why t h e  u s e  o f  r u t h e n i u m ( I I )  a s  an  i n t e r ­

m e d i a t e  w o u ld  b e  i n a p p r o p r i a t e  i n  o u r  s y n t h e s i s  o f  t h e  

b i m e t a l l i c  c o m p le x e s  a r e :  o n e ,  c o b a l t ( I I I )  i s  r e d u c e a b l e

by  r u t h e n i u m ( I I ) ; tw o , t h e  l i g a n d s  t h e m s e lv e s  a r e  o x i d i z -  

a b l e ,  t h e r e f o r e  s t r o n g  o x i d i z i n g  a g e n t s  s h o u ld  b e  a v o id e d  

and ; t h r e e ,  t h e s e  m e th o d s  r e q u i r e  t h a t  t h e  l i g a n d  co m p e te  

s u c c e s s f u l l y  a g a i n s t  t h e  s o l v e n t ,  w a t e r ,  i n  b i n d i n g  t o  

r u t h e n i u m ( I I ) .

Some b a c k g ro u n d  i n f o r m a t i o n  c o n c e r n in g  t h e  k i n e t i c s

and  m echan ism  f o r  f o r m a t i o n  r e a c t i o n s  o f  r u th e n iu m  c o m p le x e s

i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  F i r s t ,  t h e r e  a r e  c o n s i d e r a b l e

d a t a  f o r  r u t h e n i u m ( I I )  s u b s t i t u t i o n  r e a c t i o n s  r e p o r t e d

e s p e c i a l l y  by  H enry  T a u b e 's  and  P e t e r  F o r d ' s  g r o u p s  ( 4 3 ,4 7 ) .

The r u t h e n i u m ( I I )  l i g a n d  e x c h a n g e  k i n e t i c s  c a n  g e n e r a l l y

b e  i n t e r p r e t e d - a s  i n v o l v i n g  a  d i s s o c i a t i v e - i n t e r c h a n g e

m ech an ism . Much l e s s  d a t a  a r e  a v a i l a b l e  f o r  r u t h e n i u m ( I I I )

r e a c t i o n s .  T h e se  r e a c t i o n s  a r e  c o n s i d e r a b l y  s lo w e r ,  o f t e n  b y

a  f a c t o r  o f  a  m i l l i o n .  B room head, B a s o lo  and  P e a r s o n  h a v e

r e p o r t e d  r a t e s  f o r  t h e  h y d r o l y s i s  o f  t h e  h a lo p e n ta a m m in e -

r u t h e n i u m ( I I I )  co m p le x e s  ( 4 8 ) .  The a c i d  h y d r o l y s i s  r a t e  f o r
- 6c h lo ro p e n ta a m m in e  r u t h e n i u m ( I I I )  i s  3 .1 x 1 0 ” / s e c  a t  35°C .

In  1969 , E l i a d e s ,  H a r r i s  and  R e i n s a l u  r e p o r t e d  t h a t  t h e  r a t e  

f o r  a c i d  h y d r o l y s i s  o f  t h e  c h lo ro p e n ta a m m in e  r u t h e n i u m ( I I I )
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-  6 ocom plex  i s  3 .5 x 1 0  / s e c  a t  3,7 C and  o f  t h e  b rom open taam m ine  

r u th e n iu m  ( I I I )  com plex  i s  4 .0 x 1 0  /  s e c . a t  37°C (49,). T h u s ,  t h i s

r e a c t i o n  h a s  a  h a l f - l i f e  on t h e  o r d e r  o f  a  m o n th .

Some s t u d i e s  h a v e  b e e n  r e p o r t e d  o f  t h e  s u b s t i t u t i o n  

k i n e t i c s  f o r  r e a c t i o n s  o f  r e l a t i v e l y  i n e r t  o c t a h e d r a l  c o m p lex es  

o f  t h e  h e a v i e r  t r a n s i t i o n  m e t a l s  s u c h  a s  r h o d i u m ( I I I )  and 

i r i d i u m ( I I I ) . D a ta  f o r  v o lu m e s  o f  a c t i v a t i o n  o f  t h e s e  r e a c t i o n s  

o b t a i n e d  b y  Thomas Sw addle  i n d i c a t e  t h a t  t h e y  may f o l l o w  an  

a s s o c i a t i v e - i n t e r c h a n g e  m echan ism  r a t h e r  t h a n  d i s s o c i a t i v e -  

i n t e r c h a n g e  m ech an ism  w h ic h  i s  c h a r a c t e r i s t i c  o f  f a m i l i a r  

c o b a l t ( I I I )  r e a c t i o n s  ( 5 0 ) .

In  a d d i t i o n  t o  t h e  s y n t h e s i s  and  t h e  f o r m a t i o n  k i n e t i c s  

o f  t h e  b i m e t a l l i c  c o m p le x e s ,  t h i s  c h a p t e r  a l s o  c o n s i d e r s  t h e  

q u e s t i o n  o f  s t a b i l i t y  o f  C o ( I I I ) - R u ( I I I )  c o m p le x e s .  I t  i s  

i m p o r t a n t  t o  know how s t a b l e  t h e  b i m e t a l l i c  c o m p le x e s  a r e  

b e f o r e  u n d e r t a k i n g  t h e  k i n e t i c  s t u d i e s  o f  t h e  i n t r a m o l e c u l a r  

e l e c t r o n  t r a n s f e r  r e a c t i o n s .  I t  i s  w e l l  known f ro m  B a s o lo  

and  P e a r s o n ' s  w ork  t h a t  t h e  s u b s t i t u t i o n  o f  NH^ a n d  1^0 

b ound  t o  C o ( I I I )  a r e  c a t a l y z e d  b y  b a s e  b u t  i n  a c i d  t h e  h a l f  

l i f e  i s  on .the  o r d e r  o f  w eeks (48) . I t  i s  w e l l  known from  

T a u b e 's  w ork  t h a t  r u t h e n i u m ( I I )  and  r u t h e n i u m ( I I I )  ammines 

a r e  s t a b l e  i n  a c i d  c o n c e n t r a t i o n s  'of 1 . 0 M o r  l e s s  and  h e r e  

a g a i n  t h e  h a l f  l i f e  i s  on t h e  o r d e r  o f  w eeks ( 4 4 , 4 5 ) .  The 

q u e s t i o n  we n e e d e d  t o  an sw er  was t h e  d e g r e e  o f  t h e  s t a b i l i t y  

o f  C o ( I I I )  o r g a n o n i t r i l e s  and  R u ( I I I )  o r g a n o n i t r i l e s . We
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h a v e  s y n t h e s i z e d  b i m e t a l l i c  c o m p le x e s  w i t h  c o b a l t ( I I I )  and  

r u t h e n i u m ( I I I )  ammines bound t o  n i t r i l e  g r o u p s  f o r  t h e  s tu d y  

o f  i n t r a m o l e c u l a r  e l e c t r o n  t r a n s f e r  r e a c t i o n s . When su c h  

c o m p le x e s  a r e  d i s s o l v e d  i n  a c i d  s o l u t i o n s ,  s p e c t r a l  c h a n g e s  

c o n s i s t e n t  w i t h  h y d r o l y s i s  o f  t h e  n i t r i l e  g ro u p  bound  t o  

r u t h e n i u m ( I I I )  o c c u r s  s lo w ly .  To u n d e r s t a n d  t h e  n a t u r e  o f  

t h e s e  r e a c t i o n s  and  t o  d e t e r m in e  how w e l l  t h e  r e a c t i o n  r a t e  

c a n  b e  p r e d i c t e d  f o r  g i v e n  c o n d i t i o n s ,  we u n d e r t o o k  t h e  

s t u d y  o f  t h e  a c i d  h y d r o l y s i s  o f  o r g a n o n i t r i l e s  bound  t o  

r u t h e n i u m ( I I I ) .

Work done  b y  B uck ingham , K eene and  S a r g e s o n  i n  1973

showed t h a t  t h e  h y d r o l y s i s  o f  a c e t o n i t r i l e  i n  b a s i c  a q u e o u s
fis o l u t i o n  i s  c a t a l y z e d  by  a  f a c t o r  o f  2 x 1 0  on c o o r d i n a t i o n  

t o  C o (N H g )  ,_3+ ( 51 ) # Z a n e l l a  and  F o rd  r e p o r t e d  i n  I n o r g a n i c  

C h e m i s t r y , 1975 , t h a t  t h e  s p e c i f i c  r a t e  o f  h y d r o l y s i s  o f  

t h e  r u t h e n i u m ( I I I )  o r g a n o n i t r i l e  i s  on t h e  o r d e r  o f  

1 0 s e c - '*' (52 )  , w h ic h  i s  a b o u t  10^ t i m e s  f a s t e r  t h a n  t h e  

a n a lo g o u s  c o b a l t ( I I I )  co m p le x e s  a t  pH7 o r  b e lo w .  The p r e ­

d i c t e d  h a l f  l i f e  f o r  h y d r o l y s i s  o f  a  r u t h e n i u m ( I I I )  n i t r i l e  

c o m p l e x , . t h e n ,  w o u ld  b e  1 9 0 ,0 0 0  h o u r s  a t  pH 3 . I n  b o t h  c a s e s ,  

t h e r e  was n o  e v i d e n c e  f o r  a  b a s e  i n d e p e n d e n t  h y d r o l y s i s  p a t h .

In  o u r  w ork  we h a v e  fo u n d  t h e r e  i s  a  b a s e  i n d e p e n d e n t  h y d r o l y s i s  

p a t h .
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. B . EXPERIMENTAL

1. MATERIALS

C om m erc ia l  C h e m ic a ls S u p p l i e s

a c e t o n e F i s h e r

a c e t o n i t r i l e F i s h e r

a lu m in a  (8 0 -2 0 0 m esh ) F i s h e r

a n h y d ro u s  t r i f l u o r o m e t h a n e s u l f o n i c  a c i d 3M Company

c o b a l t  c a r b o n a t e A l f a

c o b a l t o u s  c h l o r i d e F i s h e r

c u p r o u s  c h l o r i d e M a l i n c k r o d t

1 , 2 - d ib ro m o e th a n e A l d r i c h

1 , 4 - d i c y a n o c y c l o h e x a n e A l d r i c h

1 , 4 - d i o n e - 2 , 5 - d i c a r b o x y l i c  e s t e s A l d r i c h

d i m e t h y l  s u l f o x i d e F i s h e r

e t h a n o l  (95%) F i s h e r

e t h a n o l  ( a b s o l u t e - G o l d  S h i e l d ) IMC C h e m ic a l  Group

e t h e r  ( a n h y d ro u s ) F i s h e r

m e th y le n e  c h l o r i d e F i s h e r

p r o p a n e - 1 , 3 - d i t h i o l A l d r i c h

r u th e n iu m  hexaam m ine t r i c h l o r i d e M a t th e y  B ish o p  I n c
o

s i e v e s  (3A) D a v is o n

sod ium  h y d r o x id e F i s h e r

sod ium  b i c a r b o n a t e F i s h e r

z i n c  m e t a l  ( g r a n u l a r ,  2 0  m esh) F i s h e r

z i n c  m e t a l  (m ossy) B ak e r
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T r i f l u o r o m e t h a n e s u l f o n a t e  r e a g e n t s

The t r i f l u o r o m e t h a n e s u l f o n i c  a c i d  (HTFMS) was o b t a i n e d  

fro m  3M M a n u f a c t u r i n g  Company a s  t h e  a n h y d ro u s  a c i d .  T h i s  

m a t e r i a l  was s lo w ly  a d d e d  t o  an  e q u im o la r  am ount o f  w a t e r  an d  

t h e n  vacuum d i s t i l l e d  t w i c e  t h r o u g h  on a l l  g l a s s  d i s t i l a t i o n  

a p p a r a t u s .  The m o n o h y d ra te  c o n t a i n e d  5.85mmH+ / g  a n d  h a d  a 

d e n s i t y  o f  1 .6 8 g /m l  a t  25°C . r e s u l t i n g  i n  a  c a l c u l a t e d  m o l a r i t y  

a t  2 5 °C . o f  9.83M.

The l i t h i u m  s a l t  o f  t r i f l u o r o m e t h a n e s u l f o n a t e , LiCF^SO^ 

was p r e p a r e d  b y  t h e  a d d i t i o n  o f  d i l u t e  HgO+ CHgSOj t o  r e -  

c r y s t a l l i z e d  L iC O ^.

2 . S y n t h e s i s

a .  O r g a n ic  compounds

y - 1 , 4 - d ic y a n o - t 2 . 2 . 2] - b i c y c l o o c t a n e .  One a p p r o a c h  

f o l l o w e d  f o r - t h e  s y n t h e s i s  o f  t h e  - 1 , 4 - d i c y a n o - [ 2 . 2 . 2 ] -  

b i c y c l o o c t a n e  was t h a t  r e p o r t e d  by Guha i n  1972 ( 1 7 ) .  I n ­

i t i a l l y ,  3 . 6 g o f  Na was d i s s o l v e d  i n  200ml o f  E+OH t h e n  20g 

o f  c y c l o h e x a n e - 1 , 4 - d i o n e - 2 , 5 - d i c a r b o x y l i c  e s t e r  w e re  a d d ed  

a f t e r  r e f l u x i n g  f o r  2  h o u r s  m o s t  o f  t h e  e t h a n o l  was d i s t i l l e d  

o f f .  The l a s t  t r a c e s  o f  e t h a n o l  was rem oved  w i t h  a  w a t e r  

a s p i r a t o r  a t  150°C. To t h i s  sod ium  compound 100ml o f  d r i e d  

1 , 2 - d ib r o m o e th a n e  w e re  a d d e d .  T h is  m i x t u r e  was r e f l u x e d  f o r  

72 h o u r s  u s i n g  an  o i l  b a t h  a t  1 4 0 - 1 5 0 ° C.
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Na + EtOH >  C2 H50 + Na+
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Then s te a m  d i s t i l l a t i o n  was done  by  o c c a s i o n a l  a d d i t i o n  o f  

w a t e r  u n t i l  no  m ore  d ib ro m o e th a n e  comes o f f .  I t  t a k e s  a b o u t  

10 h o u r s .  P r o d u c t  i s o l a t i o n  was d i f f i c u l t .  The p r o d u c t  was 

f i l t e r e d  an d  w ash ed  t h r e e  t im e s  w i t h  H2 0. A s e m i s o l i d  was 

o b t a i n e d .  T h is  s e m i s o l i d  was t r a n f e r r e d  t o  a  b e a k e r  and  

50ml o f  ETOH w e re  a d d e d ,  w h ic h  d i s s o l v e d  m o s t  o f  t h e  o i l  

and  l e f t  t h e  c r y s t a l s  b e h i n d .  A f t e r  s e v e r a l  h o u r s  s t a n d i n g  

i n  t h e  r e f r i g e r a t o r ,  t h e  w h i t e  s o l i d  p p t .  was f i l t e r e d  

f rom  a l c o h o l  s o l u t i o n .  The w h i t e  c r y s t a l s  w e re  w ash ed  

s e v e r a l  t im e s  w i t h  1% NaOH u n t i l  t h e  t e s t  f o r  F eC l^  was 

n e g a t i v e .  The way t o  t e s t  t h e  p r e s e n c e  o f  e n o l  i s  b y  t a k i n g  

a l i t t l e  b i t  o f  s t a r t i n g  m a te r i a - l  and  t e s t  w i t h  F e C l^ .  I f  

a  p u r p l e  c o l o r  i s  o b t a i n e d ,  t h e  e n o l  t e s t  i s  p o s i t i v e .  To 

r e c r y s t a l l i z e  t h e  p r o d u c t  i t  was d i s s o l v e d  i n  h o t  e t h a n o l .
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The y i e l d  was a b o u t  15%. The m .p .  r e p o r t e d  i n  t h e  l i t e r a t u r e  

i s  1 1 2 °C. and  I  o b t a i n e d  1 0 7 ° to  109°C. The i n f r a r e d  s p e c t ru m

The o b j e c t i v e  o f  t h e  n e x t  two s t e p s  i s  t h e  r e m o v a l  o f  

t h e  k e t o n e  f u n c t i o n a l  g r o u p s .  7 .0 g  o f  t h e  k e t o e s t e r  w e re  

d i s s o l v e d  i n  2 0 ml o f  f r e s h l y  d i s t i l l e d  c h l o r o f o r m .  1088g 

o f  p r o p a n e - 1 , 3  d i t h i o l  w e re  a d d e d  w i t h  c o n s t a n t  b u b b l i n g  o f  

HC1 f o r  s i x  h o u r s  a t  0°C. t h e  p r o d u c t  was w ashed  w i t h  2N/NaOH 

two t im e s  and  w i t h  lN/NaHCO^ o n e  t i m e .  The p r o d u c t  was d r i e d  

u s i n g  t h e  r o t a t o r y  e v a p o r a t o r .  Then t h i s  p r o d u c t  was r e f l u x e d  

f o r  2 h o u r s  i n  h e x a n e  and  f i l t e r e d  w i t h  a  s lo w  p a p e r .  The 

y i e l d  was a b o u t  50%, an  i n f r a r e d  s p e c t ru m  shows t h e  d i s a p p e a r a n c e  

o f  t h e  k e t o n e  p e a k  a t  1735cm- '''. T h is  s t e p  c o n v e r t e d  t h e  

d i k e t o n e  t o  t h e  d i t h i o e t h e r .

h a s  t h e  c h a r a c t e r i s t i c  p e a k s  o f  a  k e t o n e ,  1 7 3 5 c m ,- ''' and  

e s t e r ,  1 7 2 2 cm ,- ''' a s  r e p o r t e d  i n  t h e  l i t e r a t u r e .

0

C -O E t

0 ^
+ HSCH0 CHoCHoSH—% 2. 2.

§
-OEt

I I I IV

The n e x t  s t e p  i n v o l v e s  t h e  u s e  o f  Raney N i c k e l .  To a  s o l u t i o n  

c o n t a i n i n g  380g o f  NaOH i n  1 .5 1  o f  H^O i n  a  3 . 1  b e a k e r  was 

s t i r r e d  and c o o le d  i n  an  i c e  b a t h  t o  10°C. t h e n  300g o f



N ic k e l-A lu m in u m  a l l o y  507>-507o was a d d e d  t o  t h e  s o l u t i o n  i n

s m a l l  p o r t i o n s  w i t h  c o n t i n u o u s  s t i r r i n g  a t  s u c h  r a t e  t h a t

t h e  t e m p e r a t u r e  d i d  n o t  u s e  a b o v e  2 ^ C .  I t  t o o k  a b o u t  two

h o u r s  t o  add  a l l  t h e  a l l o y .  The r e a c t i o n  m i x t u r e  was p l a c e d

on a  s te a m  b a t h  f o r  12 h o u r s .  The w a t e r  v o lu m e  was k e p t  c o n s t a n t

u n t i l  t h e r e  was no  m o re  e v o l u t i o n  o f  h y d ro g e n  o b s e r v a b l e  a f t e r

tw e lv e  h o u r s .  The n i c k e l  m u s t  be  w ash ed  many t i m e s  w i t h  w a t e r

u n t i l ,  t h e  pH i s  n e u t r a l .  C a u t io n  m u s t  b e  o b s e r v e d  b e c a u s e

i s  e a s y  f o r  t h e  n i c k e l  t o  i g n i t e .  (N iA l 2 + 6 NaOH-> N id ^ N a g A lO g + S ^ )  .

The c o n t i n u a t i o n  o f  t h e  s y n t h e s i s  was done  b y  L i a n g s h i a  Lee

and  J o h n  D. P e t e r s e n  f ro m  Clemon U n i v e r s i t y .  I n  o r d e r  t o

rem ove t h e  t h i o e t h e r  g r o u p s  f ro m  h e r e ,  IV , 20 g ram s o f  t h i s

compound w ere  r e f l u x e d  f o r  48 h o u r s  w i t h  250g R aney  N i c k e l  i n

250 ml o f  957, e t h a n o l .  The n i c k e l  was f i l t e r e d ,  t h e  s o l v e n t

was rem oved  t h r o u g h  a  2 0 cm v i g e r a u x  colum n an d  t h e  r e s i d u e

was d i s t i l l e d  u n d e r  r e d u c e d  p r e s s u r e .  A d d i t i o n a l  p r o d u c t  was

o b t a i n e d  by  e x t r a c t i o n  o f  t h e  f i l t e r e d  n i c k e l  f o r  24 h o u r s

w i t h  e t h e r  i n  a s o x h l e t  e x t r a c t i o n  a p p a r a t u s .  The y i e l d  was

407,. The y i e l d  r e p o r t e d  i n  t h e  l i t e r a t u r e  i s  807,.

The n e x t  s t e p  i s :

0

II
C-OEt

0
II
C-OH

HC1 /  CH3 C00H
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7 . 4 g o f  d i e t h y l  b i c y c l o [ 2 . 2 . 2 ] - o c t a n e - 1 ,4  d i c a r b o x y l a t e  was 

h e a t e d  g e n t l y  i n  t h e  p r e s e n c e  o f  50 ml o f  g l a c i a l  a c e t i c  a c i d  

and  25 ml o f  c o n c e n t r a t e d  HC1, f o r  f o u r  h o u r s .  The p r o d u c t  

was f i l t e r e d  w i t h  s u c t i o n  an d  r e c r y s t a l l i z e d  f ro m  g l a c i a l  

a c e t i c  a c i d .  The y i e l d  a t  t h i s  s t e p  was 90%. Then t h e  

d i c a r b o x y l i c  a c i d  was c o n v e r t e d  t o  t h e  1 , 4 - d i c a r b o x y a m i d e -  

[ 2 . 2 . 2 ] - b i c y c l o o c t a n e  by  t a k i n g  15 gram s o f  t h e  d i c a r b o x y l i c  

a c i d  and  h e a t i n g  f o r  n i n e  h o u r s  i n  t h e  p r e s e n c e  o f  1 0 0  m l o f  

SOCI2 , t h e  e x c e s s  am ount o f  SOCI2  was d i s t i l l e d  o f f  u n d e r  

s u c t i o n  w i t h  a  w a te r -  pump. Then

0  
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C-NH0

S0C1,

C-OH

C-OH

C -C l

C -C l

NH

Ii *
0
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40 m l o f  a q u e o u s  ammonia was a d d e d  t o  t h e  r e s i d u e  an d  r e ­

f l u x e d  f o r  two h o u r s .  The p r o d u c t  was c o l l e c t e d  on a  f i l t e r .  

The f i n a l  s t e p  i n v o l v e s  t h e  c o n v e r s i o n  o f  am ide  t o  t h e  d i -  

n i t r i l e - c o m p o u n d .  T h is  was done  by  t a k i n g  300mg o f  am ide  

and  1 . 2  g ram s o f  P £ 0 ^ ,  m ix in g  w e l l  i n  a  n i t r o g e n  f i l l e d
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g l o v e  b ag  and  p l a c i n g  i n  a  c o l d  f i n g e r  t r a p .  The m i x t u r e  was 

t h e n  h e a t e d  w i t h  a  d i r e c t  f la m e  u n d e r  s u c t i o n .  The w h i t e  

c r y s t a l s  w e re  c o l l e c t e d  on t h e  c o l d  f i n g e r  a f t e r  30 m i n u t e s .

The y i e l d  was a b o u t  69%. The i n f r a r e d  s p e c t r u m  shows a  

c y an o  s t r e t c h  a t  2240cm”^ a s  i t  was r e p o r t e d  i n  t h e  l i t e r a t u r e .

T r a n s - 1 , 4 - d i c y a n o c y c l o h e x a n e .. The m a t e r i a l  o b t a i n e d  

fro m  KNK l a b o r a t o r i e s  r e q u i r e d  p u r i f i c a t i o n .  I t  was c r y s t a l l i z e d  

f ro m  b o i l i n g  g l a c i a l  a c e t i c  a c i d  (30g t o  50 m l)  t w i c e .  The 

w h i t e  n e e d l e - s h a p e d  c r y s t a l s  w e re  w ash ed  c o p i o u s l y  w i t h  w a t e r  

an d  a i r - d r i e d ,  g i v i n g  a  y i e l d  o f  75%. T h i s  m a t e r i a l  h a d  t h e  

t h e  m e l t i n g  p o i n t  o f  t h e  t r a n s  i s o m e r  and  65°C. f o r  t h e  c i s  

i s o m e r :  L ib e rm a n ,  A .L. a n d  L erm an , B .M . , A k ad . N auk. SSSR,

D o k la d y , E n g l i s h  E d . ,  1971 , 2 0 1 ,  9 0 5 ) .
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b .  R u th en iu m  Compounds

T r i f l u o r o m e t h a n e s u l f o n a t o p e h t a a m m i n e r u t h e n i u m ( I I I ) t r i f l u o r o - 

m e t h a n e s u l f o n a t e .

The s y n t h e s i s  f o r  t h e  t r i f l u o r o m e t h a n e s u l f o n a t o p e n t a a m m i n e -  

r u t h e n i u m ( I I I )  p r o c e e d s  a s  d e s c r i b e d  b y  S a r g e s o n  a n d  c o w o r k e r s  

(42)  f o r  t h e  a n a l o g o u s  c o b a l t  co m p lex ,  t r i f l u o r o m e t h a n e - 

s u l f o n a t o p e n t a a m m i n e c o b a l t ( I I I ) , w i t h  t h e  f o l l o w i n g  e x c e p t i o n s :

(1)  t h e  r u t h e n i u m  p r e l c u s s o r ,  Ru(NH^)^Cl C l 2 ’ 2 / 3 H2 0 , was 

a l l o w e d  t o  r e a c t  f o r  2 h o u r s  a t  95°C i n s t e a d  o f  1 h o u r ,  and

( 2 ) t h e  p r o d u c t  was f i l t e r e d  by  e q u a l l y  d i v i d i n g  t h e  r e a c t i o n  

m i x t u r e  i n t o  t h r e e  medium p o r o s i t y  f i t t e d  f i l t e r  f u n n e l s  o f  

2 .5cm  d i a m e t e r  an d  1 0 . 5  cm h e i g h t  f i t t e d  w i t h  a  s ep tu m  cap  

and u n d e r  p o s i t i v e  p r e s s u r e  o f  d r y  n i t r o g e n  g a s .  The m o s t  

c o n v e n i e n t  s c a l e  f o r  t h i s  p r e p a r a t i o n  i s  5 -1 0 g  o f  p r o d u c t .

V i s i b l e  s p e c t r u m  ( i n  a n h y d r o u s  HCF^SO^): 285cm- ^ ,  E=890;

( i n  s u l f o l a n e )  284cm- ^ ,  e=870 ,  ( F ig  8 ) .



F i g u r e  8 . The v i s i b l e  a b s o r p t i o n  s p e c t r u m  o f

t r i f l u o r o m e t h a n e s u l f o n a t o p e n t a a m m i n e r u t h e n i u m ( I I I )  

t r i f l u o r o m e t h a n e s u l f o n a t e  i n  a n h y d r o u s  

t r i f l u o r o m e h t a n e s u l f o n i c  a c i d .
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l - a d a m a n t y l c a r b o n i t r i l o p e n t a a m m i n e r u t h e n i u m ( I I I )  t r i f l u o r o - 

m e t h a n e s u l f o n a t e

A new c o m p l e x , ( l - a d a m a n t y l c a r b o n i t r i l e ) p e n t a a m m i n e -  

r u t h e n i u m ( I I I ) , was s y n t h e s i z e d  u s i n g  t r i f l u o r o m e t h a n e s u l f o n a t o -  

p e n t a a m m i n e r u t h e n i u m ( I I I )  a s  t h e  s t a r t i n g  m a t e r i a l .  The 

s y n t h e s i s  was done  by  d i s s o l v i n g  500mg o f  [RuCNH^)5 (CF^SOg)] • 

( C F ^ S O ^ ^  1 0  ml  ° f  t e t r a m e t h y l e n e s u l f o n e  an d  a d d i n g  an  

e q u a l  m o l a r  amount o f  t h e  o r g a n i c  l i g a n d ,  i n  t h i s  c a s e  

1 - a d a m a n t y l c a r b o n i t r i l e .  The r e a c t i o n  t a k e s  a b o u t  t h i r t y  

m i n u t e s  a t  6 CPC. The way t o  m o n i t o r  t h e s e  r e a c t i o n s  i s  by 

u s i n g  c y c l i c  v o l t a m m e t r y . The r e a s o n  f o r  t h a t  i s  t h a t  t h e  

h a l f  wave p o t e n t i a l  o f  t h e s e  r u t h e n i u m  co m p le x e s  a r e  v e r y  

s e n s i t i v e  t o  t h e  n a t u r e  o f  t h e  l i g a n d s .  T h i s  r e a c t i o n  h a s  

a  r e v e r s i b l e  Ea o f  0 .467V v s  N .H .E .  i n  d i m e t h y l f o r a m i d e ,

0.10M t e t r a b u t y l a m m o n i u m  p e r c h l o r a t e  ( F ig  9 ) .  The p r o d u c t  

was i s o l a t e d  by  a d d i n g  an e q u a l  vo lum e  o f  a c e t a n e  f o l l o w e d  

by  a d d i t i o n  o f  d i e t h y l  e t h e r  a p p r o x i m a t e l y  t e n  t i m e s  t h e  

o r i g i n a l  v o lu m e .  The c r u d e  p r o d u c t  was r e c r y s t a i l i z e d  i n  

a  minimum amount o f  w a t e r  and  a d d i n g  5 M a q u e o u s  t r i f l u o r o -  

m e t h a n e s u l f o n i c  a c i d  d r o p  by  d r o p  u n t i l  t h e  a c i d  c o n c e n t r a t i o n  

i s  a p p r o x i m a t e l y  1 M. F o r  i n i t i a l  i s o l a t i o n  o f  a c o m p lex ,  

i t  i s  u s e f u l  t o  . p e r i o d i c a l l y  c e n t r i f u g e  t h e  m i x t u r e  and 

o b s e r v e  t h e  v i s i b l e -  uv s p e c t r u m  o f  t h e  s u p e r n a t a n t .  The 

p r i n c i p a l  b y - p r o d u c t  a p p e a r s  f ro m  i t s  s p e c t r u m  t o  be  

[ RuCNH^)  ̂ (H2 O) ] ( C F ^ S O ^ ^ .  The a n h y d r i d e ,  (CF^SC^O ,  may



F i g u r e  9. The c y c l i c  vo l tam m ogram  o f  1 - a d a m a n t y l c a r b o n i t r i l o -  

p e n t a a m m i n e r u t h e n i u m ( I I I ) t r i f l u o r o m e t h a n e s u l f o n a t e  

i n  d i m e t h y I f o n n a m i d e  w i t h  0 . 1 0 M t e t r a b u t y l a m m o n i u m  

p e r c h l o r a t e  u s i n g  p l a t i n u m  w i r e  w o r k in g  and  

a u x i l i a r y  e l e c t r o d e s  and  a  Ag/AgCl r e f e r e n c e  

e l e c t r o d e s .
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b e  a d d e d  t o  t h e  i n i t i a l  r e a c t i o n  m i x t u r e  t o  r e d u c e  t h e  

amount o f  t h i s  b y - p r o d u c t .  V i s i b l e -  u . v .  s p e c t r u m :

299 cm- 1 ; e =626;  (0 .  1M H ^ C F ^ O p  ( F i g u r e  10) and

i n f r a r e d  s p e c t r u m :  CN s t r e t c h  2290 cm- '*' ( F i g u r e s  12 and

1 3 ) .



F i g u r e  10 .  The v i s i b l e  a b s o r p t i o n  s p e c t r u m  o f

l - a d a m a n t y l c a r b o n i t r i l o p e n t a a m m i n e r u t h e n i u m ( I I I ) - 

t r i f l u o r o m e t h a n e s u l f o n a t e  i n  a q u e o u s  t r i f l u o r o -  

m e t h a n e s u l f o n i c  a c i d  ( 0 . 1 M).
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F i g u r e  11 .  The v i s i b l e  a b s o r p t i o n  s p e c t r u m  o f  t h e  

s u p e r n a t a n t  l i q u i d  i n  t h e  s y n t h e s i s  o f  

1 - a d a m a n t y l c a r b o n i t r i l o p e n t a a m m i n e r u t h e n -  

i u m ( I I I )  t r i f l u o r o m e h t a n e s u l f o n a t e . T h i s  

s p e c t r u m  c l o s e l y  r e s e m b l e s  t h a t  o f  an  a u t h e n ­

t i c  s a m p le  o f  a q u o p e n t a a m m i n e r u t h n e i u m ( I I I )  

t r i f l u o r o m e h t a n e s u l f o n a t e .
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F i g u r e  12.  The i n f r a r e d  s p e c t r u m  o f  1 - a d a m a n t y l c a r b o -  

n i t r i l o p e n t a a m m i n e r u t h e n i u m ( I I I )  t r i f l u o r o -  

m e th a n e  s u l f o n a t e  i n  a  KBr p e l l e t  f ro m  4000 

t o  1800 cm- '*". The p e a k  a s s i g n e d  to  t h e  CN 

s t r e t c h  i s  a t  2280 cm- '*".
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Figure 13 The i n f r a r e d  s p e c t r u m  o f  1 - a d a m a n t y l c a r b o n i t r i l o -  

p e n t a a m m i n e r u t h e n i u m ( I I I )  t r i f l u o r o m e t h a n e s u l f o n -  

a t e  i n  a  KBr p e l l e t  f ro m  1800 t o  300 cm- ^.
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C. B i m e t a l l i c  Compounds 

G e n e r a l  P r o c e d u r e

The s y n t h e s i s  o f  t h e  b i m e t a l l i c  compounds  i n v o l v e s  f i r s t  

r e a c t i n g  c h l o r o a q u o a m m i n e c o b a l t ( I I I )  t r i f l u o r o m e t h a n e s u l f o n a t e  

( o b t a i n e d  f rom  t h e  c o r r e s p o n d i n g  s u l f a t e  s a l t  p r e p a r e d  by  

S c h l e s s i n g e r ' s m e th o d ,  f o l l o w e d  b y  i o n  e x c h a n g e  c h r o m a t o g r a p h y )  

w i t h  t h e  d e s i r e d  o r g a n i c  l i g a n d  i n  t h e  p r e s e n c e  o f  1 0 % e x c e s s  

t r i f l u o r o m e t h a n e  s u l f o n i c  a n h y d r i d e  u s i n g  d r i e d  s u l f o l a n e  a s  

a  s o l v e n t .  I n  t h i s  r e a c t i o n  t h e  a n h y d r i d e  r em o v es  t h e  

c h l o r i d e  and  t h i s  i s  r e p l a c e d  by  c y a n o  g r o u p  f ro m  t h e  

o r g a n o n i t r i l e  l i g a n d .  The r e a c t i o n  m i x t u r e  i s  h e a t e d  f o r  

15 m i n u t e s  a t  7 5 ° C. The r e a c t i o n  i s  m o n i t o r e d  w i t h  t h e  a i d  

o f  v i s i b l e  a b s o r p t i o n  s p e c t r o s c o p y .  The co m p lex  i s  t h e n  

i s o l a t e d  by  e x t r a c t i n g  w i t h  m e t h y l e n e  c h l o r i d e  an d  f u r t h e r  

c h a r a c t e r i z a t i o n  i s  done  w i t h  t h e  a i d  o f  an  i n f r a r e d  s p e c t r u m .

Once t h e  c o b a l t  i s  bound  t o  one  end  o f  t h e  l i g a n d  an e q u a l  

m o l a r  amount  o f  t h e  t r i f l u o r o m e t h a n e s u l f o n a t o p e n t a a m m i n e -  

r u t h e n i u m ( I I I )  i n  t h e  p r e s e n c e  o f  t r i f l u o r o m e t h a n e s u l f o n i c  

a n h y d r i d e  ( u s i n g  10% e x c e s s  o f  t h e  a n h y d r i d e ) . The r e a c t i o n  

i s  c a r r i e d  o u t  i n  d r i e d  d o u b l e  d i s t i l l e d  s u l f o n e .  The r e a c t i o n  

i s  c a r r i e d  o u t  i n  d r i e d  d i s t i l l e d  s u l f o n e .  The r e a c t i o n  m i x t u r e  

i s 1 h e a t e d  up  f o r  2 h o u r s  a t  65°C.  The r e a c t i o n  i s  m o n i t o r e d  

w i t h  t h e  a i d  o f  c y c l i c  v o l t a m m e t r y .  F i g u r e  14 i s  a vo l tam m ogram  

f o r  t h e  l , 4 - d i c y a n o [ 2 . 2 . 2 1  - b i c y c l o o c t a n e p e n t a a m m i n e r u t h e n i u m ( I I I ) - 

d i a q u o t r i a m m i n e c o b a l t ( I I I )  co m plex  an d  F i g u r e  15 i s  t h e



SI

vo l tam m ogram  f o r  t h e  y - 1 , 4 - d i c y a n o - [  2 . 2 . 2 ] - b i c y c l o o c t a n e - _ 

p e n t a a m m i n e r u t h e n i u m ( I I I ) - a q u o t e t r a a m m i n e c o b a l t ( I I I )  co m p lex .

The h a l f - w a v e  p o t e n t i a l  f o r  t h e  r u t h e n i u m  c o m p le x e s  i s  

g e n e r a l l y  v e r y  s e n s i t i v e  t o  t h e  n a t u r e  o f  t h e  l i g a n d .  I n  

t h i s  c a s e  t h e  h a l f  wave p o t e n t i a l  s h i f t e d  f ro m  - 0 . 0 1 3 v  v s  

t h e  n e u t r a l  h y d r o g e n  e l e c t r o d e  when t h e  s u l f o n e  was bound  

t o  0 . 4 6 7 v  when t h e  1 , 4 - d i c y a n o [  2 . 2 . 2 ]  b i c y c l o o c t a n e  became 

bound  t o  t h e  r u t h e n i u m  co m p lex .  C y c l i c  v o l t a m m e t r y  i s  a 

b e t t e r  m e th o d  by  w h i c h  t o  m o n i t o r  t h e  r u t h e n i u m  r e a c t i o n s  

t h a n  i s  v i s i b l e  a b s o r p t i o n  s p e c t r a  a r e  q u i t e  s i m i l a r  i n  

t h i s  r e g i o n .  A f t e r  two h o u r s  t h e  p r o d u c t  i s  c o o l e d  t o  room 

t e m p e r a t u r e  and  i s o l a t e d  b y  a d d i t i o n  o f  an  e q u a l  v o lu m e  o f  

a c e t o n e  an d  a  t e n - f o l d  v o lu m e  o f  d i e t h y l  e t h e r .  The b i m e t a l l i c  

p r o d u c t  i s  r e c r y s t a l l i z e d  by d i s s o l u t i o n  i n  a  minimum amount 

o f  0 . 0 1  m o l a r  t r i f l u o r o m e t h a n e s u l f o n i c  a c i d ,  f i l t r a t i o n  t o  

remove p e n t a a m m i n e r u t h e n i u m ( I I I )  i n p u r i t i e s ,  an d  a d d i t i o n  o f  

10M a q u e o u s  t r i f l u o r o m e t h a n e s u l f o n i c  a c i d  u n t i l  t h e  t o t a l  a c i d  

c o n c e n t r a t i o n  i s  a b o u t  4M. The a n a l y t i c a l  r e s u l t s  a r e  f o u n d  

t o  b e  i n  good a g r e e m e n t  w i t h  t h e  c a l c u l a t e d  o n e s . The 

d i f f e r e n t  b i m e t a l l i c  c o m p le x e s  I  h a v e  s y n t h e s i z e d  u s i n g  t h i s  

m e th o d  a r e :  o n e ,  y - 1 , 4 - d i c y a n o [ 2 . 2 . 2 ] b i c y c l o o c t a n e p e n t a a m m i n e -

r u t h e n i u m ( I I I ) a q u o t e t r a a m m i n e c o b a l t ( I I I ) ; tw o ,  y - 1 , 4 - d i c y a n o

[ 2 . 2 . 2 ]  - b i c y c l o o c t a n e p e n t a a m m i n e r u t h e n i u m ( I I I ) d i a q u o t r i a m m i n e - - 

c o b a l t ( I I I ) ;  t h r e e ,  1 , 4 - d i c y a n o c y c l o h e x a n e p e n t a a m m i n e -  

r u t h e n i u m ( I I I ) - a q u o t e t r a a m m i n e c o b a l t ( I I I ) ; f o u r ,  1 , 4 - d i c y a n o -  

c y c l o h e x a n e p e n t a a m m i n e r u t h e n i u m ( I I I ) d i a q u o t r i a m m i n e c o b a l t ( I I I ) ;



F i g u r e  14.  The c y c l i c  vo l tam m ogram  o f  u - 1 , 4 - d i c y a n o r [  2 . 2 .  2] -

b i c y c l o o c t a n e - p e n t a a m m i n e r u t h e n i u m ( I I I ) d i a q u o t r i a m m i n e -  

c o b a l t ( I I I ) t r i f l u o r o m e t h a n e s u l f o n a t e  i n  d i m e t h y l - 

fo rm a m id e  w i t h  Q.10M t e t r a b u t y l a m m o n i u m  p e r c h l o r a t e .

The w o r k in g  an d  a u x i l i a r y  e l e c t r o d e s  w e r e  p l a t i n u m  

w i r e s  and  t h e  r e f e r e n c e  e l e c t r o d e  was Ag/AgCl.
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F i g u r e  15 .  The c y c l i c  vo l tam m ogram  o f  u - 1 , 4 - d i c y a n o - [  2 .2  .2] - 

b i c y c l o o c t a n e p e n t a a i r r a i i n e r u t h e n i u m ( I I I )  a q u o t e t r a ­

a m m in e c o b a l t  ( I I I )  t r i f  l u o r o m e t h a n e s u l f  o n a t e  i n  

d i m e t h y l f o r m a m i d e  w i t h  0.10M t e t r a b u t y l a m m o n i u m  

p e r c h l o r a t e .  The w o r k in g  and  a u x i l i a r y  e l e c t r o d e s  

w e re  p l a t i n u m  w i r e s  and  t h e  r e f e r e n c e  e l e c t r o d e  

was Ag/AgCl.
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f i v e ,  y - 1 , 4 - d i c y a n o - [ 2 . 2 . 2 ] b i c y c l o o c t a n e b i s ( p e n t a a m m i n e -  

r u t h e n i u m ( I I I ) ) .
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y - 1 , 4 - d i c y a n o b i c y c l o - [  2 . 2 . 2 ]  - o c t a n e p e n t a a m m i n e r u t h e n i u m ( I I I ) - 

d i a q u o t r i a m m i n e c o b a l t ( I I I )  t r i f l u o r o m e t h a n e s u l f o n a t e

The p r o c e d u r e  f o r  t h e  s y n t h e s i s  o f  u - 1 , 4 - d i c y a n o  [2 .2 .2] - 

b i c y c l o o c t a n e p e n t a a m m i n e r u t h e n i u m ( I I I ) d i a q u o t r i a m m i n e c o b a l t ( I I I ) - 

t r i f l u o r o m e t h a n e s u l f o n a t e  i n v o l v e d  r e a c t i n g  0 . 2 0 0 g o f  t h e  

c h l o r o d i a q u o t r i a m m i n e  w i t h  0 . 6 6 8 g o f  1 , 4 - d i c y a n o  [2 . 2 . 2 ] . - b i c y c l o -  

o c t a n e  i n  two ml o f  d r i e d  d o u b l e  d i s t i l l e d  s u l f o l a n e  i n  t h e  

p r e s e n c e  o f  8 0 A o f  t r i f l u o r o m e t h a n e  s u l f o n i c  a n h y d r i d e .  T h i s  

r e a c t i o n  t a k e s  10 t o  15 m i n u t e s  a t  8 cP C. I n  o r d e r  t o  k e e p  

t h e  t e m p e r a t u r e  c o n s t a n t  an  o i l  b a t h  was u s e d  i n  t o p  o f  a  h o t  

p l a t e .  T h i s  r e a c t i o n  i s  m o n i t o r e d  w i t h  t h e  a i d  o f  a  v i s i b l e  

a b s o r p t i o n  s p e c t r a .  The p e a k  s h i f t s  f ro m  523 cm- '*' i n i t i a l l y  

t o  506 cm- '*' ( F i g u r e  16)  a t  t h e  end  o f  15 m i n u t e s .  The m a t e r i a l  

was a l l o w e d  t o  come t o  room t e m p e r a t u r e  and  t h e n  t h e  p r o d u c t  

was i s o l a t e d  by  e x t r a c t i n g  w i t h  m e t h y l e n e  c h l o r i d e .  F o r  e a c h  

ml o f  s u l f a n e ,  10 ml o f  w a t e r  a n d  50 ml o f  CH2 C I 2  a r e  a d d e d .

The 10 ml o f  w a t e r  w h i c h  r e t a i n s  t h e  com plex  i s  e x t r a c t e d  8  

t o  10 t i m e s  w i t h  50 ml p o r t i o n s  o f  m e t h y l e n e  c h l o r i d e .  The 

w a t e r  l a y e r  i s  d r i e d  u s i n g  t h e  r o t a t o r y  e v a p o r a t o r .  F u r t h e r  

c h a r a c t e r i z a t i o n  i s  done  w i t h  t h e  a i d  o f  an  i n f r a r e d  s p e c t r u m  

( F i g u r e  17 an d  18)  an  a v e r a g e  y i e l d  a t  t h i s  s t e p  i s  b e tw e e n  

75-80%. Once t h e  c o b a l t  com plex  i s  b ound  a t  one  end o f  t h e  

l i g a n d  t h e n  t h e  r u t h e n i u m  com plex  i s  ad d e d  t o  t h e  o t h e r  end .

To O. lOOg o f  d i a q u o t r i a m m i n e c o b a l t ( I I I )  t r i f l u o r o m e t h a n e s u l f o n a t e  

i n  2  m l  o f  d o u b l e  d i s t i l l e d  s u l f o l a n e  and  2 5 X o f  t r i f l u o r o -



F i g u r e  16 .  The v i s i b l e  a b s o r p t i o n  s p e c t r u m  o f  y -1  ,’4 - d i c y a n o -

[ 2 . 2 . 2 ]  - b i c y c l o o c t a n e d i a q u o t r i a m m i n e c o b a l t  ( I I I ) -  

t r i f l u o r o m e t h a n e s u l f o n a t e  i n  a c i d i c  a q u e o u s  

s o l u t i o n .
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F i g u r e  17 .  The i n f r a r e d  s p e c t r u m  o f  1 , 4 - d i c y a n o -  [ 2 . 2 . 2 . ]

b i c y c l o o c t a n e d i a q u o t r i a m m i n e c o b a l t ( I I I ) t r i f l u o r o

m e t h a n e s u l f o n a t e  i n  a  KBr p e l l e t ,  f rom  4000 t o  
_ 1

1800 cm . The p e a k  a s s i g n e d  t o  t h e  f r e e  CN 

g r o u p  i s  a t  2240 cm"^.
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F i g u r e  18.  The i n f r a r e d  s p e c t r u m  o f  y - 1 , 4 - d i c y a n o - [ 2 . 2 . 2 ] -  

b i c y c l o o c t a n e d i a q u o t r i a m m i n e c o b a l t ( I I I ) t r i f l u o r o ­

m e t h a n e s u l f  o n a t e  i n  a  KBr p e l l e t ,  f rom  1800 t o  

400 cm- '*".
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m e th a n e  s u l f o n i c  a n h y d r i d e  w e r e  a d d e d .  Once t h e y  w e r e  d i s s o l v e d ,  

w h ic h  t o o k  a b o u t  a  m i n u t e  o r  tw o ,  0 .0 8 3 7 g  o f  t r i f l u o r o m e t h a n e -  

s u l f o n a t o p e n t a a m m i n e  r u t h e n i u m ( I I I )  w e r e  a d d e d .  The r e a c t i o n  

t a k e s  two h o u r s  a t  6 0 ° C. A g a in  t h e  t e m p e r a t u r e  was k e p t  c o n s t a n t  

u s i n g  an  o i l  b a t h .  T h i s  r e a c t i o n  i s  m o n i t o r e d  w i t h  t h e  a i d  o f  

c y c l i c - v o l t a m m e t r y  a s  I  m e n t i o n e d  b e f o r e .  I n  t h i s  c a s e  t h e  

h a l f  wave p o t e n t i a l  s h i f t e d  f ro m  - 0 . 0 1 3 v  t o  0 . 4 6 7 v  v s  N .H .E .

A f t e r  two h o u r s  t h e  p r o d u c t  was a l l o w e d  t o  come t o  room 

t e m p e r a t u r e .  The b i m e t a l l i c  p r o d u c t  was i s o l a t e d  by  a d d i n g  

2 ml o f  a c e t o n e  an d  20 ml  o f  d i e t h y l  e t h e r .  Then t h e  com plex  

was r e c r y s t a l i z e d  by  d i s s o l u t i o n  i n  a  minimum amount  o f  w a t e r
1 «

and  a d d i t i o n  o f  10 ml a q u e o u s  t r i f l u o r o m e t h a n e  s u l f o n i c  a c i d  

u n t i l  t h e  t o t a l  c o n c e n t r a t i o n  was a b o u t  4M. The a v e r a g e  y i e l d  

a f t e r  t h e  r e c r y s t a l l i z a t i o n  s t e p  i s  a b o u t  507c. The a n a l y t i c a l  

r e s u l t s  a r e  RuCoC-^gH^N^QF^gSg02Q: c a l c .  C,13.8670; H,2.897>;
N,10.117o Found (M icA nal ,  T u c s o n ,A z )C ,  14.557.; H,2.7770; N, 10. 637 .
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y - l , 4 - d i c y a n o - [  2 . 2 . 2 ]  - b i c y c l o o c t a n e p e n t a a m m i n e r u t h e n i u m ( I I I )  -

a q u o t e t r a a m i n i n e c o b a l t  ( I I I )  t r i f  l u o r o m e t h a n e s u l f  o n a t e

The s y n t h e t i c  p r o c e d u r e  f o r  y - 1 , 4 - d i c y a n o [ 2 . 2 . 2 ] - b i c y c l o -

o c t a n e p e n t a a m m i n e r u t h e n i u m ( I I I ) a q u o t e t r a a m m i n e c o b a l t ( I I I ) t r i f l u o r o -

m e t h a n e s u l f o n a t e  i n v o l v e s  t h e  same s t e p s  a s  d e s c r i b e d  a b o v e  f o r

t h e  y - 1 , 4 - d i c y a n o [ 2 . 2 . 2 ]  b i c y c l o o c t a n e p e n t a a m m i n e r u t h e n i u m ( I I I )

d i a q u o t r i a m m i n e c o b a l t ( I I I )  s p e c i e s .  The t y p i c a l  am ounts  u s e d

w e re  0 . 1 0 0  gram o f  c o b a l t  s t a r t i n g  m a t e r i a l  i n  one  M d o u b l e

d i s t i l l e d  d r i e d  s u l f o l a n e  i n  t h e  p r e s e n c e  o f  40A o f

t r i f l u o r o m e t h a n e s u l f o n i c  a n h y d r i d e .  The v i s i b l e  a b s o r p t i o n
-1 -1s p e c t r u m  s h i f t  i s  f ro m  510 cm t o  490 cm ( F i g u r e  ) .  The 

y i e l d  was 67%. The n e x t  s t e p  was a l s o  t h e  same a s  d e s c r i b e d  

a b o v e .  I  u s e d  O.lOOg o f  a q u o t e t r a a m m i n e  y - 1 , 4 - d i c y a n o - [ 2 . 2 . 2 ] -  

b i c y c l o o c t a n e c o b a l t ( I I I ) t r i f l u o r o m e t h a n e s u l f o n a t e  i n  two ml 

o f  s u l f a n e  i n  t h e  p r e s e n c e  o f  2 5 A o f  (CFgS02)0 .  The r e a c t i o n  

t o o k  two h o u r s  a t  6 0 ° C. and t h e  y i e l d  was 88% b e f o r e  r e ­

c r y s t a l l i z a t i o n  and  a b o u t  47% a f t e r  r e c r y s t a l l i z a t i o n .  The

a n a l y t i c a l  r e s u l t s  a r e :  RuCoC^gH^-^N^-^F^gSgO^g: c a l c .

C , 13.88%; H . 2 . 9 6 %; N . 1 1 . 1 3 .  Found (MicAnal  T u c so n ,  Az)

C,13 ,71% ; H, 2 . 7  2%; N . 1 1 . 3 0 .



Figure 19 The v i s i b l e  a b s o r p t i o n  s p e c t r u m  o f  1 , 4 - d i c y a n o -  

[ 2 . 2 . 2 ] - b i c y c l o o c t a n e a q u o t e t r a a m m i n e c o b a l t ( I I I ) - 

t r i f l u o r o m e t h a n e s u l f o n a t e  i n  a c i d i c  a q u e o u s  s o l u t i o n .
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y - t r a n s - 1 , 4 - d i c v a n o c y c l o h e x a n e p e n t a a m m i n e r u t h e n i u m ( I I I )  -

d i a q u o t r i a m m i n e c o b a l t ( I I I )  t r i f l u o r o m e t h a n e s u l f o n a t e

The s y n t h e t i c  p r o c e d u r e  f o r  y - 1 , 4 - d i c y a n o c y c l o h e x a n e -  

p e n t a a m m i n e r u t h e n i u m ( I I I ) d i a q u o t r i a m m i n e c o b a l t ( I I I )  t r i f l u o r o ­

m e t h a n e s u l f o n a t e  i n v o l v e s  t h e  s t e p s  a s  d e s c r i b e d  f o r  t h e  p r e v i o u s  

b i m e t a l l i c  c o m p le x e s .  T y p i c a l  am oun ts  u s e d  w e re  0 .4 0 0 g  o f  

Co(NHg)^ ( l ^ O ^ C l  (CF^SOgSOg) 2  and  O . l l l S g  o f  y - 1 , 4 - d i c y a n o c y c l o -  

h e x a n e  i n  4 . 0  ml o f  d o u b l e  d i s t i l l e d  d r i e d  s u l f o l a n e  i n  t h e  

p r e s e n c e  o f  160 A o f  t r i f l u o r o m e t h a n e s u l f o n i c  a n h y d r i d e .  The 

v i s i b l e  a b s o r p t i o n  s p e c t r u m  a t  t h e  end  o f  15 m i n u t e s  shows a  

p e a k  a t  510 nm. The y i e l d  was 72%. The n e x t  s t e p  i s  a s  

d e s c r i b e d  a b o v e .  I n  a  t y p i c a l  p r e p a r a t i o n  o f  t h i s  s p e c i e s ,

I  u s e d  0 .3 0 0 g  o f  d i a q u o t r i a m m i n e d i c y a n o c y c l o h e x a n e c o b a l t ( I I I ) - 

t r i f l u o r o m e t h a n e s u l f o n a t e  and  0 .2 6 0 2 g  o f  Ru(NH3 )^  (CFgSO-^

(CFgSOg^ i n  6 ml o f  d o u b l e  d i s t i l l e d  d r i e d  s u l f o l a n e  i n  t h e  

p r e s e n c e  o f  80 A o f  t r i f l u o r o m e t h a n e s u l f o n i c  a n h y d r i d e .  The 

r e a c t i o n  t o o k  two h o u r s  a t  6 0 ° C. an d  t h e  y i e l d  a f t e r  r e ­

c r y s t a l l i z a t i o n  was a b o u t  45%. The a n a l y t i c a l  r e s u l t s  a r e  

RuCoC14H38N10F1 8 S602 0 : C a l . C,12 .36%; H ,2 .79% ; N .10 .30% ,

Found (MicAnal  T ucson  Az) C ,12 .76% ; H.2 .80%; N ,11 .21% .
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y - t r a n s - l ^ - d i c y a n o c y c l o h e x a n e p e n t a a m m i n e r u t h e n i u n K l I I )  -  

a q u o t e t r a a m m i n e c o b a l t ( H I )  t r i f l u o r o m e t h a n e s u l f o n a t e

The s y n t h e t i c  p r o c e d u r e  f o r  t h e  y - 1 , 4 - d i c y a n o c y c l o -  

h e x a n e p e n t a a m m i n e r u t h e n i u i n ( I I I )  a q u o t e t r a a m m i n e c o b a l t  ( I I I )  - 

t r i f l u o r o m e t h a n e s u l f o n a t e  i n v o l v e s  t h e  s t e p s  d e s c r i b e d  f o r  t h e  

p r e v i o u s  b i m e t a l l i c  c o m p l e x e s .  I n  a  t y p i c a l  p r e p a r a t i o n ,

0 .4 0 0 g  o f  Co(NH^)^(H20)C1 ( C f ^ S O g ^  an d  0 .1 1 6 g  o f  u - 1 , 4 - d i c y a n o -  

c y c l o h e x a n e  i n  4 . 0  ml o f  d o u b l e  d i s t i l l e d  d r i e d  s u l f o l a n e  i n  t h e  

p r e s e n c e  o f  160A o f  t r i f l u o r o m e t h a n e s u l f o n i c  a n h y d r i d e .  The 

v i s i b l e  a b s o r p t i o n  s p e c t r u m  a t  t h e  end  o f  15 m i n u t e s  shows a  

p e a k  a t  490 cm- ^ .  The y i e l d  was 73%. I n  t h e  n e x t  s t e p ,  a s

0 . 200g o f  t r a n s - 1 , 4 - d i c y a n o c y c l o h e x a n e a q u o t e t r a a m m i n e c o b a l t ( I I I ) - 

t r i f l u o r o m e t h a n e s u l f o n a t e  and  0 .1 7 4 g  o f  t r i f l u o r o m e t h a n e s u l f o n a t o -  

p e n t a a m m i n e r u t h e n i u m ( I I I )  t r i f l u o r o m e t h a n e s u l f o n a t e  w e re  c o m b in ed ,  

i n  4 ml o f  d o u b l e  d i s t i l l e d  s u l f o l a n e  i n  t h e  p r e s e n c e  o f  55 A o f  

t r i f l u o r o m e t h a n e s u l f o n i c  a n h y d r i d e .  The r e a c t i o n  t o o k  2 h o u r s  

a t  6 0 °  C. The y i e l d  a f t e r  c r y s t a l l i z a t i o n  was a b o u t  45%.
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p - 1 , 4 - d i c y a n o - [2 . 2 . 2] - b i c y c l o o c t a h e - b i s ( p e n t a a i n m i n e r u t h e n i u m ( I I I ) ) 

t r i f l u o r o m e t h a n e s u l f o n a t e

The s y n t h e t i c  p r o c e d u r e  f o r  t h e  1 , 4 - d i c y a n o [ 2 . 2 . 2 ]  - 

b i c y c l o o c t a n e - b i s  ( p e n t a a r n m i n e r u t h e n i u m ( I I I )  t r i f l u o r o m e t h a n e ­

s u l f o n a t e  i n v o l v e s  t h e  s i n g l e  a d d i t i o n  o f  two m o l e s  o f  t h e  

m e t a l  com plex  t o  one  m o le  o f  t h e  l i g a n d  an d  t h e  b i m e t a l l i c  

co m plex  i s  f o rm e d  i n  one  s y n t h e t i c  s t e p  s i n c e  b o t h  m e t a l  e n d s  

a r e  t h e  same. I n  a  t y p i c a l  s y n t h e s i s ,  O.lOOg o f  t r i f l u o r o ­

m e t h a n e s u l f  o n a t o p e n t a a m m i n e r u t h e n i u m ( I I I )  an d  0 .0 1 2 6 5 g  o f  

l , 4 - d i c y a n o [ 2 . 2 . 2 ] b i c y c l o o c t a n e  i n  2 . 0  ml o f  d o u b l e  d i s t i l l e d  

d r i e d  s u l f o n e  i n  t h e  p r e s e n c e  o f  3Ox o f  t r i f l u o r o m e t h a n e s u l f o n i c  

a n h y d r i d e .  The r e a c t i o n  r e q u i r e d  two h o u r s  a t  60° C. I t  was 

m o n i t o r e d  w i t h  t h e  a i d  o f  c y c l i c  v o l t a m m e t r y . The y i e l d  was 

a b o u t  49%. The a n a l y t i c a l  r e s u l t s  a r e  C16H42N12F 1 8 S6 ^ 1 8 :

c a l c .  C .13 ,50% ; H , 2.95%; N , 11,81% Found (MicAnal  T u c s o n ,  Az) 

C ,13 ,55% ; H, 2. 73%>; N ,11 .34% .  V i s i b l e - u v  s p e c t r u m  p e a k s

298 nm, e=1367 iT ^ c m - '*’ ( F i g u r e  2 0 ) .  I n f r a r e d  s p e c t r u m  CN 

s t r e t c h  2300 cm-1" ( F i g u r e s  21 and  22) . A c y c l i c  vo l tam m ogram  

o f  p - 1 , 4 - d i c y a n o f  2 . 2 . 2 ] b i c y c l o o c t a n e - b i s ( p e n t a a m m i n e r u t h e n i u m ( I I I )  

t r i f l u o r o m e t h a n e s u l f o n a t e  c a n  b e  s e e n  i n  F i g u r e  23 .



F i g u r e  20 .  The v i s i b l e  a b s o r p t i o n  s p e c t r u m  o f  a  6 . 0 x l 0 ”^M

s o l u t i o n  o f  y - 1 , 4 - d i c y a n o - [  2 . 2 . 2 ]  - b i c y c l o o c t a n e - b i s  

( p e n t a a n r n i i n e r u t h e n i u m ( I I I ) t r i f l u o r o m e t h a n e  

s u l f o n a t e  ( 1 . 0 0  cm c u v e t t e  w i t h  a  1 .00cm  ^ 0  b l a n k ) .



1 0 2

4 00300
\(nm)



F i g u r e  21 .  The i n f r a r e d  s p e c t r u m  o f  y - 1 , 4 - d i c y a n o - [ 2 . 2 . 2 ] -

b i c y c l o o c t a n e - b i s  ( p e n t a a m m i n e r u t h e n i u m ( I I I )  t r i f  l u r o -  

m e t h a n e  s u l f o n a t e  i n  a  KBr p e l l e t ,  f ro m  4000 t o  

1900 cm- '*'. The p e a k  a s s i g n e d  t o  t h e  CN s t r e t c h  

i s  a t  2300 cm- '*'.
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F i g u r e  22 .  The - i n f r a r e d  s p e c t r u m  o f  v - 1 , 4 - d i c y a n o - [  2 .2  .2] -  

b i c y c l o o c t a n e - b i s ( p e n t a a m m i n e r u t h e n i u m ( I I I )  

t r i f l u o r o m e t h a n e  s u l f o n a t e  i n  a  KBr p e l l e t ,  f ro m .  

1300 t o  400 cm"'*'.
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F i g u r e  23 .  The c y c l i c  vo l tam m ogram  o f  y - 1 , 4 - d i c y a n o -  [ 2 . 2 . 2 ]  -

b i c y c l o o c t a n e - b i s ( p e n t a a m m i n e r u t h e n i u m ( I I I )  t r i f l u o r o ­

m e t h a n e s u l f o n a t e  i n  d i m e t h y l f o r m a m i d e  w i t h  0.10M 

t e t r a b u t y l a m m o n i u m  p e r c h l o r a t e .  The w o r k in g  and  

a u x i l i a r y  e l e c t r o d e s  w e re  p l a t i n u m  w i r e s  an d  t h e  

r e f e r e n c e  e l e c t r o d e  was Ag/AgCl.
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3. K i n e t i c s  o f  Complex F o r m a t i o n

The k i n e t i c  c h a r a c t e r i z a t i o n  o f  t h e  f o r m a t i o n  o f  n i t r i l e  

and h a l i d e  c o m p le x e s  o f  t r i f l u o r o m e t h a n e s u l f o n a t o p e n t a a m i n e -  

r u t h e n i u m ( I I I )  was done  i n  a c i d i c  d o u b l e  d i s t i l l e d  s u l f o l a n e  

(0 .01M  i n  t r i f l u o r o m e t h a n e s u l f o n i c  a c i d  m o n o h y d r a t e )  a t  37°C.  

The r u t h e n i u m  c o r i c e n t r a t i o n  u s e d  was m i l l i m o l a r .  A l l  t h e  

r e a c t i o n s  w e r e  done  h a v i n g  t h e  l i g a n d  i n  p s e u d o - f i r s t - o r d e r  

e x c e s s .  S o l u t i o n s  w e re  a l l o w e d  t o  e q u i l i b r a t e  i n  t h e  

t h e r m o s t a t t e d  c u v e t t e  h o l d e r  o f  t h e  s p e c t r o p h o t o m e t e r  b e f o r e  

t h e  r e a c t i o n s  w e re  i n i t i a t e d .  The c h a n g e s  i n  c o n c e n t r a t i o n  

w e re  m o n i t o r e d  c o n t i n o u s l y  a t  a  s i n g l e  w a v e l e n g t h .  D a t a  w e re  

a n a l y z e d  by  u s i n g  l e a s t - s q u a r e s  f i t t i n g  p r o g ra m s  a v a i l a b l e  

w i t h  t h e  P r o p h e t  co m p u t in g  s y s t e m  ( 5 3 ) .  The k i n e t i c  c h a r a c ­

t e r i z a t i o n  o f  e a c h  o f  t h e  d i f f e r e n t  r u t h e n i u m ( I I I )  compounds 

s t u d i e d  was done  t h e  same way a s  d e s c r i b e d  ab o v e  e x c e p t  f o r  

t h e  f o r m a t i o n  o f  t h e  4 - p h e n y l p y r i d i n e  co m p lex .  I n  t h i s  c a s e  

t h e  f o i m a t i o n  was m o n i t o r e d  d i f f e r e n t l y  b e c a u s e  t h e  s p e c t r a l  

c h a n g e s  i n  t h e  v i s i b l e - r u . v .  r e g i o n  upon  c o m p l e x a t i o n  a r e  s m a l l .  

A l i q u o t s  o f  t h e  r e a c t i o n  m i x t u r e  w e re  rem oved  p e r i o d i c a l l y  

and  t h e  com plex  was r e d u c e d  t o  g i v e  t h e  c h a r a c t e r i s t i c  s p e c t r u m  

o f  t h e  pen taam m in e  - 4 - p h e n y l - p y r i d i n e r u t h e n i u m ( I I )  c o m p lex .

The p r o c e d u r e  was a s  f o l l o w s :  a  m i l l i m o l a r  s o l u t i o n  o f

t r i f l u o r o m e t h a n e s u l f o n a t o p e n t a a m m i n e r u t h e n i u m ( I I I )  t r i f l u o r o ­

m e t h a n e s u l f o n a t e  i n  t e t r a m e t h y l a n e  s u l f o n e  w i t h  no a d d e d  a c i d  

was d e a e r a t e d  i n  a 10 ml b u b b l e r  f l a s h  on an  a r g o n  l i n e .  The 

l i g a n d ,  4 - p h e n y l p y r i d i n e  ( t w i c e  r e c r y s t a l l i z e d  f ro m  m e t h a n o l ) ,
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was d i s s o l v e d  i n  t e t r a m e t h y l e n e  s u l f o n e  a n d  d e a e r a t e d  i n  a 

s e p a r a t e  10 ml b u b b l e r  f l a s k .  When t h e  two s o l u t i o n s  h a d  

b e e n  m ix e d ,  t h e  p r o g r e s s  o f  t h e  r e a c t i o n  was m o n i t o r e d  by  

r e d u c i n g  an  a l i q u o t  o f  t h e  r e a c t i o n  m i x t u r e  w i t h  hexaam m in e -  

r u t h e n i u m ( I I )  ( p r o d u c e d  f ro m  h e x a a m m i n e r u t h e n i u m ( I I )  t r i f l u o r o ­

m e t h a n e s u l f o n a t e  i n  a c e t o n e  o v e r  a m a lg a m a te d  z i n c )  and

r e c o r d i n g  t h e  v i s i b l e  a b s o r p t i o n  s p e c t r u m .  The t e m p e r a t u r e
o

o f  t h e  r e a c t i o n  m i x t u r e  was m a i n t a i n e d  a t  48 C. ( t o  f a c i l i t a t e  

h a n d l i n g  o f  t h e  t e t r a m e t h y l e n e  s u l f o n e  s o l u t i o n s  w h ic h  can  

s o l i d i f y  a t  room t e m p e r a t u r e )  u s i n g  an  o i l  b a t h .
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4 .  K i n e t i c s  o f  Complex D e c o m p o s i t i o n  by  -H y d ro ly s i s

The c o m p le x e s  u s e d  f o r  t h e  s t u d y  o f  t h e  a c i d  h y d r o l y s i s  

o f  o r g a n o n i t r i l e s  b o u n d  t o  r u t h e n i u m ( I I I )  w e r e  s y n t h e s i z e d  

t h e  f o l l o w i n g  way.  The s t a r t i n g  r u t h e n i u m  com plex  was t h e  

t r i f l u o r o m e t h a n e s u l f o n a t o p e n t a a m m i n e r u t h e n i u m ( I I )  t r i f l u o r o ­

m e t h a n e s u l f o n a t e  (whose s y n t h e s i s  was d e s c r i b e d  p r e v i o u s l y ) . 

T h i s  co m plex  was co m b in ed  w i t h  an  e x c e s s  o f  t h e  l i g a n d  i n  

s u l f o l a n e  i n  t h e  p r e s e n c e  o f  t r i f l u o r o m e t h a n e s u l f o n i c

a n h y d r i d e .  The a n h y d r i d e  r em o v es  an y  t r a c e  am oun ts  o f  w a t e r .
o

The r e a c t i o n  m i x t u r e  was h e a t e d  f o r  a b o u t  15 m i n u t e s  a t  60 C 

a n d  t h e n  c o o l e d  t o  room t e m p e r a t u r e .  Each  p r o d u c t  was 

i s o l a t e d  b y  a d d i n g  ah  e q u a l  v o lu m e  o f  a c e t o n e  a n d  d i e t h y l  

e t h e r  i n  a n  amount  a b o u t  20 t i m e s  t h e  o r i g i n a l  v o lu m e .  The 

p r o d u c t  was q u i c k l y  d i s s o l v e d  i n  a  minimum amount  o f  water - ,  

f i l t e r e d  a n d  r e c o v e r e d  by  p r e c i p i t a t i o n  w i t h  5 M t r i f l u o r o ­

m e t h a n e s u l f o n i c  a c i d .  The p r o d u c t s  w e re  i d e n t i f i e d  by  

t h e i r  v i s i b l e - u . v .  s p e c t r a  ( 5 2 ) .  The t r i f l u o r o m e t h a n e s u l f o n a t e  

r e a g e n t s  d e s c r i b e d  p r e v i o u s l y ’ i n  t h i s  c h a p t e r .
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5.  I n s t r u m e n t a t i o n

a . V i s i b l e - u . v .  and  I n f r a r e d  S p e c t r a

K i n e t i c  r u n s  w e r e  r e c o r d e d  on b o t h  w i t h  t h e r m o s t a t t e d  

C a ry  14 o r  Beckman DU-8 s p e c t r o p h o t o m e t e r s .  The V i s i b l e - u . v .  

s p e c t r a  f o r  t h e  co m p le x e s  w e re  r e c o r d e d  on e i t h e r  C a ry  14 

o r  Beckman DU-8 s p e c t r o p h o t o m e t e r s .  I n f r a r e d  s p e c t r a  w e r e  

r e c o r d e d  on a  Beckman 4240 r e c o r d i n g  s p e c t r o p h o t o m e t e r  

( r a n g e : 4 0 0 0 -2 5 0  cm- ''"). The KBr d i s c  m e th o d  was u s e d  f o r  a l l  

s p e c t r a .

b . C y c l i c  V o l t a m m e t ry

The a p p a r a t u s  u s e d  f o r  r e c o r d i n g  c y c l i c  vo l tam m ogram s  

c o n s i s t e d  o f  a  B i s a n a l y t i c a l  CV-1A C y c l i c  V o l t a m m e t ry  U n i t .

The w o r k in g  e l e c t r o d e  was a  c o i l e d  p l a t i n u m  w i r e ,  a  s e c o n d  

p l a t i n u m  w i r e  was u s e d  a s  an  a u x i l i a r y  e l e c t r o d e  an d  a s i l v e r /  

s i l v e r  c h l o r i d e  e l e c t r o d e  was u s e d  a s  t h e  r e f e r e n c e .  The 

s o l v e n t  was d i m e t h y l f o r m a m i d e  and  t h e  e l e c t r o l y t e  was 0.1M 

t e t r a b u t y l a m m o n i u m p e r c h l o r a t e  ( r e c r y s t a l l i z e d ) . Voltammograms 

w e r e  r e c o r d e d  on an  H o u s to n  O m n ig ra p h ic  2000 x - y  r e c o r d e d .

The h a l f  wave p o t e n t i a l s ,  En, w e re  c a l c u l a t e d  f ro m  t h e  

a r i t h m e t i c  a v e r a g e  o f  t h e  p e a k  p o t e n t i a l s .  M e a su re d  p o t e n t i a l s  

w e re  c o n v e r t e d  t o  t h e  N. H. E.  s c a l e  by a d d i n g  + 0 . 2 0 7 v  t o  t h e  

m e a s u r e d  Ex v a l u e s .  R e v e r s i b l e  Ex ' s a r e  o b t a i n e d  w i t h  t h e s e'a 'i
c o m p l e x e s .
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6. APPARATUS 

a .  I n e r t  g a s  t r a i n

An a l l - g l a s s  i n e r t  g a s  t r a i n  was u s e d  t o  d e a e r a t e  r e a c t a n t  

m i x t u r e s  f o r  k i n e t i c  s t u d i e s  an d  f o r  some s y n t h e t i c  w ork .

F o u r  b r a n c h e s  l e a d i n g  f ro m  a  common g l a s s  l i n e  e a c h  t e r m i n e d  

i n  a  s t a n d a r d  s o c k e t  j o i n t .  Gas f l o w  t o  e a c h  b r a n c h  was 

c o n t r o l l e d  w i t h  a  t e f l o n - i n - g l a s s  F i s h e r  and  P o r t e r  A n g le  

N e e d l e  V a lv e  ( b o r e  r a n g e  0 - 4  mm). A rgon ( P r e s t o  -  S a l e s ,

New York)  u s e d  t o  p r o v i d e  i n e r t  a t m o s p h e r e ,  was f i r s t  p a s s e d  

t h r o u g h  two chromous s c r u b b e r s  and  t h e n  i n t o  t h e  g l a s s  l i n e .

The o n l y  n o n - g l a s s  p o r t i o n  o f  t h e  t r a i n  was t y g o n  t u b i n g  

c o n n e c t i n g  t h e  l a t t e r  s c r u b b e r  t o  t h e  g l a s s  l i n e .  S o l u t i o n s  

r e q u i r i n g  d e a e r a t i o n  w e re  c o n t a i n e d  i n  E r l e n m e y e r  f l a s k s  

a d a p t e d  f o r  t h i s  p u r p o s e  by  a t t a c h i n g  an  L - s h a p e d  g a s  i n l e t  

t u b e  n e a r  t h e  b a s e  o f  t h e  f l a s k .  The o t h e r  end o f  t h e  t u b e  

t e r m i n a t e d  i n  a b a l l  j o i n t  t h a t  was c lam ped  t o  a  s o c k e t  o f  

t h e  i n e r t  g a s  l i n e .  The t o p  o f  t h e  E r l e n m e y e r  was p r o t e c t e d  

b y  a  l o o s e  f i t t i n g  t h i m b l e - s h a p e d  g l a s s  i n s e r t .  The g l a s s  

i n s e r t  h a d  a  l-2mm h o l e  a t  i t s  l o w e s t  p o i n t  f o r  w i t h d r a w a l  

o f  t h e  d e a r a t e d  s o l u t i o n s  b y  means  of- a  s y r i n g e .  The 

g r e a t e r  d e n s i t y  o f  a r g o n  o v e r  a i r  was r e p l i e d  u p o n  t o  p r e v e n t  

oxygen  f ro m  e n t e r i n g  t h e  s y s t e m .  T h e se  a d a p t e d  E r l e n m e y e r  

f l a s k s  a r e  r e f e r r e d  t o  t h r o u g h o u t  a s  b u b b l i n g  f l a s k s .

•b .  S y r i n g e s
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G l a s s ,  g a s  t i g h t  s y r i n g e s  w i t h  T e f l o n  p l u n g e r s  ( H a m i l to n  

Company) w e re  u s e d  f o r  m o s t  w ork .  A l l  s y r i n g e s  u s e d  t o  

h a n d l e  d e o x y g e n a t e d  s o l u t i o n s  w e re  d e a e r a t e d  b y  f l u s h i n g  

them w i t h  A rgon  an d  t h e n  r i n s i n g  t h e  s y r i n g e  w i t h  two s m a l l  

p o r t i o n s  o f  t h e  s o l u t i o n  i t s e l f ,

c .  Chromous s c r u b b i n g  t o w e r s

The chrom ous  s o l u t i o n s  was p r e p a r e d  by d i s s o l v i n g  

c h r o m i u m ( I I I ) p e r c h l o r a t e  ( G .F . S m i t h )  i n  p e r c h l o r i c  a c i d  t o  

make a  f i n a l  s o l u t i o n  0.2M i n  t o t a l  chromium an d  0.5M i n  

HCIO^. The z i n c  a m a lg an  f o r  t h e  t o w e r s  was p r e p a r e d  by  t h e  

m e th o d  o f  S t o n e  an d  Hume ( 5 3 ) .  I n  a  t y p i c a l  p r e p a r a t i o n ,

4 . 7  g rams o f  H g C ^  ( F i s h e r )  w e r e  d i s s o l v e d  i n  75 ml  o f  ^ 0 .  

A bout  70 grams o f  Z n (0 )  (M ossy , B a k e r )  w e re  r i n s e d  t h r e e  t i m e s  

w i t h  w a t e r  and  t h e n  ad d e d  t o  4M HCIO^. The m e r c u r i c  s o l u t i o n  

was p o u r e d  i n t o  t h e  v i g o r o u s l y  r e a c t i n g  HClO^-Zn(O) m i x t u r e  

an d  s t i r r e d .  B u b b l i n g  c e a s e d  w i t h i n  one  m i n u t e  and  s t i r r i n g  

was c o n t i n u e d  u n t i l  a l l  Hg was rem oved  f rom  s o l u t i o n .  (Only  

w h i t e  Zn(0H)2 p r e c i p i t a t e d  u p o n  a d j u s t i n g  t h e  pH o f  an  a l i q u o t  

t o  10 w i t h  50 p e r c e n t  NaOH s o l u t i o n . )  The s o l u t i o n  was t h e n  

d e c a n t e d  and  t h e  z i n c  was r i n s e d  a p p r o x i m a t e l y  s i x  t i m e s  w i t h  

h o u s e  d i s t i l l e d  w a t e r .
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C. R e s u l t s  and  D i s c u s s i o n

1.  S y n t h e s i s

A v e r y  i m p o r t a n t  o b j e c t i v e  o f  t h i s  p r o j e c t  was t o  d e v e l o p  

a  s y n t h e s i s  f o r  m ix e d  b i m e t a l l i c  c o m p le x e s  w h i c h  a v o i d e d  

r u t h e n i u m ( I I )  a s  an  i n t e r m e d i a t e .  T h i s  h a s  b e e n  a c c o m p l i s h e d  

w i t h  t h e  a i d  o f  S a r g e s o n ' s  an d  c o w o r k e r s '  i d e a  o f  u s i n g  

l a b i l e  t r i f l u o r o m e t h a n e s u l f o n a t e  c o m p le x e s  a s  i n t e r m e d i a t e s  

( 5 9 ) .

We t r i e d  s e v e r a l  d i f f e r e n t  ways o f  m ak in g  t h e  b i m e t a l l i c  

c o m p le x e s  w h ic h  d i d  n o t  w ork  b e f o r e  we d e v e l o p e d  t h e  m e thod  

m e n t i o n e d  h e r e  f o r  m ak in g  t h e  b i m e t a l l i c  c o m p le x e s .  One 

m e th o d  t h a t  d i d  n o t  w ork  i n v o l v e d  u s i n g  a  d r y i n g  a g e n t  su c h  

a s  t 0  rem ove w a t e r  l i g a n d  f rom  c h l o r o a q u o t e t r a a m m i n e -

c o b a l t ( I I I )  and  a d d i n g  t h e  d e s i r e d  l i g a n d .  The p r o b le m  w i t h  

t h i s  a p p r o a c h  was t h a t  ?2^5  a l s o  rem oved  t h e  c h l o r o  l i g a n d ,  

t h e r e f o r e ,  we o b t a i n e d  a  m i x t u r e  o f  c o b a l t  c o m p le x e s .  Some 

o f  t h e  p r o d u c t  h a d  one  n i t r i l e  l i g a n d  bound  and  some c o n t a i n e d  

two cyano  l i g a n d s .  A n o t h e r  m e th o d  t h a t  we t r i e d  was t o  t r y  

t o  make t h e  t r i f l u o r o m e t h a n e s u l f o n a t o a q u o t e t r a a m m i n e c o b a l t ( I I I )  

t r i f l u o r o m e t h a n e s u l f o n a t e  an d  t h e n  add  t h e  l i g a n d .  However 

t h i s  m e th o d  d i d  n o t  w ork  e i t h e r .  I t  a p p e a r s  t h a t  t h e  a n h y d r o u s  

HCF^SOg u s e d  t o  remove t h e  c h l o r i d e  l i g a n d  rem oves  t h e  w a t e r  

l i g a n d .  A g a in  I  o b t a i n e d  a m i x t u r e  o f  p r o d u c t s .  Some t h a t  

h a d  on e  n i t r i l e  l i g a n d  and  o t h e r s  w i t h  two n i t r i l e  l i g a n d s
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a t t a c h e d .  The m e th o d  t h a t  w o rk s  i n v o l v e s  s t a r t i n g  w i t h  

c h l o r o a q u o t e t r a a m m i n e c o b a l t ( I I I )  and  a d d i n g  t h e  l i g a n d  i n  

t h e  p r e s e n c e  o f  t r i f l u o r o m e t h a n e s u l f o n i c  a n h y d r i d e .  The 

a n h y d r i d e  r e m o v e s  o n l y  t h e  c h l o r i d e ,  w h ic h  i s  t h e n  r e p l a c e d  

b y  t h e  cyano  g ro u p  o f  t h e  l i g a n d .  Once t h e  l i g a n d  i s  bound  

t o  on e  end  t o  t h e  c o b a l t  c o m p le x ,  t h e  o t h e r  end  c an  b e  bound  

t o  r u t h e n i u m  b y  a d d i n g  t r i f l u o r o m e t h a n e s u l f o n a t o p e n t a a m i n e -  

r u t h e n i u m ( I I I ) t r i f l u o r o m e t h a n e s u l f o n a t e . The v e r y  l a b i l e  

t r i f l u o r o m e t h a n e s u l f o n a t o  l i g a n d  i s  r e p l a c e d  by  t h e  cyano  

g r o u p  t h a t  i s  f r e e  t o  b i n d .
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2. F o r m a t i o n  K i n e t i c s

T a b l e  1 shows o b s e r v e d  r a t e  c o n s t a n t  v a l u e s  f o r  t h e  

f o r m a t i o n  o f  a c e t o n i t r i t o p e n t a a m m i n e r u t h e n i u m ( I I I )  t r i f l u o r o ­

m e t h a n e s u l f o n a t e  i n  d o u b l e  d i s t i l l e d  d r i e d  s u l f o l a n e  a t  3 7 ° C.

The a c e t o n i t r i l e  was p r e s e n t  i n  p s e u d o - f i r s t - o r d e r  e x c e s s .

The c h a n g e  o f  a b s o r b a n c e  w i t h  t i m e  shows t h e  r e a c t i o n  t o  b e  

1 s t  o r d e r  i n  p e n t a a m m i n e r u t h e n i u m ( I I I ) . Each  i n d i v i d u a l  

r e a c t i o n  g a v e  a  f i t  o f  o b s e r v e d  v s  c a l c u l a t e d  o p t i c a l  d e n s i t y  

v a l u e s  w i t h  a  c o r r e l a t i o n  c o e f f i c i e n t  b e t t e r  t h a n  0 . 9 9 .  A 

t y p i c a l  f i t  a n d  a s s o c i a t e d  p a r a m e t e r s  f o r  t h e  s t a t i s t i c s  a r e

shown on ( F i g u r e s  2 4 a  and  2 4 b ) . The p l o t  o f  r a t e  c o n s t a n t s
2+a s  a  f u n c t i o n  o f  Ru(NHg)tj(CF^SOg) c o n c e n t r a t i o n  d e m o n s t r a t e s  

t h e  r e a c t i o n  i s  a l s o  1 s t  o r d e r  i n  a c e t o n i t r i l e .  L i k e w i s e ,  

r e a c t i o n s  w i t h  a l l  t h e  l i g a n d s  w e ' v e  s t u d i e d  a r e  a l s o  f i r s t  

o r d e r  i n  r u t h e n i u m ( I I I )  c o n c e n t r a t i o n  an d  i n  t h e  l i g a n d  

c o n c e n t r a t i o n .

T a b l e  I  su m m ar izes  some k i n e t i c  d a t a  we h a v e  o b t a i n e d  

f o r  r e a c t i o n s  o f  t r i f l u o r o m e t h a n e s u l f o n a t o p e n t a a m m i n e r u t h e n i u m  

( I I I )  i n  t e t r a m e t h y l e n e  s u l f a n e  s o l u t i o n s .  The f o r m a t i o n  o f  

4 - p h e n y l p y r i d i n e  h a s  a  r a t e  c o n s t a n t  o f  0 . 19M:’̂ a - ^ a t  48°C.

F i g u r e  25 shows t h e  t e r m p e r a t u r e  d e p e n d e n c e  o f  t h e  

f o r m a t i o n  o f  1 - c y a n o a d a m a n t a n e  co m p lex .  The p l o t  i s  g i v e n  

m a i n l y  t o  d e m o n s t r a t e  t h a t  t h e s e  r e a c t i o n s  h a v e  a  l i n e a r  

t e m p e r a t u r e  d e p e n d e n c e  i n  t h e  r e g i o n  s t u d i e d .  F o r  t h i s  

r e a c t i o n  t h e  e n t h a l p y  o f  a c t i v a t i o n  i s  1 4 . 9 k c a l / m o l e  and



F i g u r e  2 4 a .  The f i t  f o r  a  t y p i c a l - k i n e t i c s  r u n  f o r  t h e

f o r m a t i o n  o f  a c e t o n i t r i l o p e n t a a m i n e r u t h e n i u m ( I I I )  

f ro m  t r i f l u o r o m e t h a n e s u l f o n a t o p e n t a a m m i n e -  

r u t h e n i u m ( I I I )  and a c e t o n i t r i l e  i n  a c i d i c  s u l f o l a n e  

s o l u t i o n .
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F i g u r e  24b .  The t a b l e  o f  p a r a m e t e r s  g e n e r a t e d  b y  t h e  P r o p h e t  

c o m p u t in g  s y s t e m  f o r  t h e  k i n e t i c s  r u n  o f  

F i g u r e  24 a .
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■ LINEAR FIT- TO*COLUMN 1 US COLUMN 4 OF STC-K32 
NUMBER OF DATA POINTS = 2 0
CORRELATION COEFFICIENT R .= - . 9 9 7 B 3 B G  R-SQUARED =' .9941693 
STANDARD DEVIATION OF REGRESSION ’= .07637889
PARAMETER. TABLE
PARAMETER FITTED

VALUE
STANDARD
DEVIATION

T-VALIJE SIG. LEV.

INTERCEPT .1128848 .0273O79 4.184434 . 0007
SLOPE -.089012119 . 00f01626681 -55.40189 . 00011
ANALYSIS OF’VARIANCE TABLE
SOURCE SUM OF 

SQUARES .
D.F. MEAN

SQUARE
F VALUE SIG. LEV.

REGRESSION 17.90214 1 . 17.90214 30169.369 . 0001
RESIDUAL .1049852 13. .005832513



F i g u r e  25 .  A p l o t  o f  t h e  o b s e r v e d  f i r s t - o r d e r  r a t e  c o n s t a n t

f o r  f o r m a t i o n  o f  1 - a d a m a n t y l c a r b o n i t r i l o p e n t a a m i n e -  

r u t h e n i u m ( I I I )  t r i f l u o r o m e t h a n e s u l f o n a t e  a s  a  

f u n c t i o n  o f  t e m p e r a t u r e .
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CABLE__I

. l a t e  C o n s t a n t s  F o r  F o r m a t i o n  02 C o m p l e t e s  From 

[Ed (MHO ff (CF- s o , . ) ] (CF_S0O i n  S u l f o i a n e■5 -  J -i 3 J 2

Tan.!3_._L!C C o n c e n t r . .  11 k ->b r “ s ~ 1 >sl0 2  k 2l d̂ . Jjf
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37 0 . 1 2 5  0 . 5 8  4 . 6 :  10 2
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3 0 0 . 0  40 • 2 S . 1  7 . 0

40 ' 0 , 0 0 5 0  4 . 5 4  9 . 1
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5 0 0 . 0 0 5 0  8 . 17  1 6 . 3

5 '  0 . 0  050  S . 44 16 9
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t h e  e n t r o p y  o f  a c t i v a t i o n  i s  -  5 . 7 e . u . , w h ic h  a r e  c o n s i s t e n t  

w i t h  a d i s s o c i a t i v e  i n t e r c h a n g e  m ec h an ism .  A f e a t u r e  o f  

t h e  i n t e r c h a n g e  m ech an ism  i s  a  f i v e - c o o r d i n a t e  i n e r m e d i a t e .

I n  a  d i s s o c i a t i v e  i n t e r c h a n g e  m ec h an ism ,  t h e  k e y  f a c t o r  i s  

t h e  d i s e n g a g e m e n t  o f  t h e  l i g a n d  a n d  t h e r e  i s  r e l a t i v e l y  s m a l l  

i n f l u e n c e  o f  t h e  e n t e r i n g  g r o u p  on k i n e t i c s .  The a c t i v a t i o n  

p a r a m e t e r s  f o r  r e a c t i o n  o f  b r o m i d e  i o n  a r e :

AH ^ = 8 k c a l / m o l e  a n d  a S  ^ = - 1 6 c a l / m o l e  d e g r e e .  T h e s e  a c t i v a t i o n  

p a r a m e t e r s  a r e  r e a s o n a b l e  i f  i o n - p a i r i n g  d o m i n a t e s  t h e  r e a c t i o n  

r a t e .

A c o m p a r i s o n  o f  t h e  r a t e  c o n s t a n t  f o r  a c e t o n i t r i l e , 1 -  

a d a m a n t y l c a r b o n i t r i l e ,  an d  4 - p h e n y l p y r i d i n e  shows t h a t  t h e s e  

n e u t r a l  l i g a n d s  r e a c t  a t  s i m i l a r  r a t e s  u n d e r  c o m p a r a b l e  

c o n d i t i o n s ,  c o n s i s t e n t  w i t h  a  d i s s o c i a t i v e  i n t e r c h a n g e  m e c h an ism .  

The r e a c t i o n  w i t h B r ” i s  c o n s i d e r a b l y  f a s t e r ,  l i k e l y  a s  a 

r e s u l t  o f  f a v o r a b l e  i o n  p a i r  f o r m a t i o n  a s  m i g h t  be  e x p e c t e d  

i f  i o n  p a i r i n g  p r e c e d e s  s u b s t i t u t i o n .

The r e a c t i o n  w i t h  i o d i d e  i o n  i s  v e r y  much f a s t e r  t h a n  

t h e  o t h e r s  s t u d i e d .  F o r  e x a m p le ,  a t  c o n c e n t r a t i o n s  o f  0.01M 

o r  ev en  l e s s ,  t h e  r e a c t i o n  was c o m p l e t e  on m i x i n g .  T h i s  

r e a c t i o n  i s  t o o  much f a s t e r  t h a n  t h a t  o f  b r o m i d e  i o n  t o  b e  

a c c o u n t e d  f o r  b y  t h e  same s u b s t i t u t i o n  m e c h an ism .  The v e r y  

r a p i d  r e a c t i o n  o f  i o d i d e  i o n  w i t h  t h e  t r i f l u o r o m e t h a n e s u l f o n a t o -  

r u t h e n i u m ( I I I )  com plex  i s  n o t  u n p r e c e d e n t e d .  R i c h a r d s o n  and  

Taube h a v e  r e p o r t e d  t h a t  t h e  a n a t i o n  o f  t r a n s - a q u o t e t r a a m m i n e -  

i s o n i c o t i n a m i d o r u t h e n i u m ( I I I )  by  i o d i d e  i o n  p r o c e e d s  v i a  a r a t e  

law :
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d i n  [ R u ( I I I ) H 2 0] = ka  [ l “ ] 5 / 2  [ I~  1+  k & [ I"] 2  and  t h a t  t h e  

r a t e  i s  much f a s t e r  t h a n  t h o s e  f o r  t h e  a n a t i o n  b y  b r o m i d e  

i o n  an d  c h l o r i d e  i o n ,  w h i c h  f o l l o w  k i n e t i c s  t h a t  a r e  e a c h  

f i r s t - o r d e r  i n  a n i o n  c o n c e n t r a t i o n  ( 1 2 ) .  R i c h a r d s o n  and  

Taube  i n t e r p r e t  t h e  r a t e  l a w  i n  t e r m s  o f  a  r e d u c t i o n  o f  

R u ( I I I )  by  I ” t o  R u ( I I )  a n d  s u b s e q u e n t  r a p i d  s u b s t i t u t i o n  

( t h e ' k  t e r m )  an d  a  p r e s u b s t i t u t i o n  e l e c t r o n  t r a n s f e r  n o t
CL

i n v o l v i n g  t h e  p r o d u c t i o n  o f  f r e e  i o d i n e  ( t h e  k ^ t e r m ) .

P r e v i o u s l y  M a r c h a n t ,  M a t s u b a r a  and  F o r d  n o t e d  t h a t  s u b s ­

t i t u t i o n  o f  I "  f o r  SO2 '  i n  t r a n s - R u ( N H 3 ) ^ ( p y ) S 0 ^  d i d  n o t  

r e q u i r e  a d d i t i o n  o f  a  r e d u c i n g  a g e n t ,  i n  c o n t r a s t  t o  

r e a c t i o n s  i n v o l v i n g  C l"  o r  B r " ( 5 5 ) .  They a l s o  a t t r i b u t e d  

t h e i r  r e s u l t s  t o  t h e  a b i l i t y  o f  I~ t o  r e d u c e  R u ( I I )  t o

p r o d u c e  a  l a b i l e  R u ( I I )  i n t e r m e d i a t e s  ( 5 5 ) .  U n f o r t u n a t e l y ,
2+c a t a l y t i c  s u b s t i t u t i o n  o f  Ru(NHg)^(CF^SO^) i n  t h e  p r e s e n c e

o f  I~ d o e s  n o t  a p p e a r  t o  be  u s e f u l  s y n t h e t i c a l l y  b e c a u s e  t h e

I ' c o o r d i n a t e s  p r e f e r e n t i a l l y  i n  t h e  p r e s e n c e  o f  o t h e r  p o t e n t i a l
2+l i g a n d s  ( i e  i n  t h e  p r e s e n c e  o f  e x c e s s  CH^CN,[ RuCNH^)^1] i s  

f o rm e d  p r e d o m i n a n t l y ) .

[Ru(NH^)^ ( C F ^ S O ^ f ^ c a n  foe r e a d i l y  made i s  s t a b l e  f o r  

m o n th s  when s t o r e d  i n  a  d e s s i c a t o r  o v e r  ^ 2 ^ 5 * T h i s  i s  a  u s e f u l  

i n t e r m e d i a t e  f o r  t h e  d i r e c t  p r e p a r a t i o n  o f  a  v a r i e t y  o f  

R u ( I I I )  c o m p le x e s .

The r a t e s  o f  f o r m a t i o n  o f  co m p lex es  u s i n g  t r i f l u o r o -  

m e t h a n e p e n t a a m m i n e r u t h e n i u m ( I I I )  t h a t  we h a v e  f o u n d  a r e
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s e v e r a l  o r d e r s  m a g n i t u d e  f a c t o r  t h a n  t h o s e  r e p o r t e d  f o r  

o t h e r  p e n t a a m m i n e r u t h e n i u m ( I I I )  p r e c u r s o r s .  The w e l l - b e h a v e d  

n a t u r e  o f  t h e  k i n e t i c s  o f  f o r m a t i o n  f o r  c o m p le x e s  u s i n g  

t h e  t r i f l u o r o m e t h a n e s u l f o n a t e  co m plex  i n  s u l f o l a n e  s h o u l d  

make i t  p o s s i b l e  t o  s t u d y  t h e  r e a c t i o n  m e c h a n ism  o f  R u ( I I I )  

co m p le x e s  m ore  t h o r o u g h l y  t h a n  h a s  b e e n  p o s s i b l e ,



3.  K i n e t i c s  o f  N i t r i l e  H y d r o l y s i s

The r e s u l t s  o f  t h e  k i n e t i c  s t u d i e s  o f  t h e  d e c o m p o s i t i o n  

r e a c t i o n s  o f  o r g a n o n i t r i l e  c o m p le x e s  o f  R u ( I I I )  i n  0.0005M 

a q u e o u s  t r i f l u o r o m e t h a n e s u l f o n i c  a c i d  a r e  g i v e n  i n  t h e  

t a b l e l l .  The a c i d  h y d r o l y s i s  r e a c t i o n s  s t u d i e d  w e r e  t h o s e  

o f  p e n t a a m m i n e r u t h e n i u m ( I I I )  c o m p le x e s  o f  a c e t o n i t r i l e ,  

b e n z o n i t r i l e  and  1 - a d a m a n t y l c a r b o n i t r i l e . P r e v i o u s  w ork  i n ­

d i c a t e d  no b a s e - i n d e p e n d e n t  h y d r o l y s i s  p a t h .  I n  o u r  w ork  we 

h a v e  f o u n d  t h e r e  i s  a  b a s e  i n d e p e n d e n t  h y d r o l y s i s  p a t h .  S i n c e

t h e  l o w e s t  c o n c e n t r a t i o n  o f  h y d r o x i d e  u s e d  i n  p r e v i o u s  s t u d i e s  
_ £

was 10 M, i t  i s  n o t  u n r e a s o n a b l e  t h a t  t h e  a c i d  h y d r o l y s i s  

p a t h  f o r  R u ( I I I )  o r g a n o n i t r i l e  c o m p le x e s  was n o t  p r e v i o u s l y  

d e t e c t e d .  The r a t e  l aw  f o r  t h e  h y d r o l y s i s  o f  r u t h e n i u m ( I I I )  

o r g a n o n i t r i l e  c o m p le x e s  we h a v e  f o u n d  i s :

- d  I n  [ Ru(NH3 ) 5NCR j 3^  / d t = k Q+ k 1  [ 0H^

As c a n  b e  s e e n  i n  t a b l e  I I ,  t h e  h y d r o l y s i s  o f  

r u t h e n i u m ( I I I ) o r g a n o n i t r i l e s  i s  a c i d  an d  i o n i c  s t r e n g t h  

i n d e p e n d e n t .  As i s  e v i d e n t  f ro m  t h e s e  t a b l e s ,  we v a r i e d  t h e  

a c i d  c o n c e n t r a t i o n  by  1 0 0 - f o l d  and  t h e  r a t e  was t h e  same, 

4 x l 0 ~ ^ / s e c .  Then we v a r i e d  t h e  i o n i c  s t r e n g t h  b y  5 - f o l d  

a n d  t h e  r a t e  was t h e  same,  4 x l 0 ~ ^ / s e c .  The a c i d  h y d r o l y s i s  

o f  t h e  p e n t a a m m i n e r u t h e n i u m ( I I I )  com plexes ,  o f  d i f f e r e n t  

n i t r i l e s  showed s i m i l a r  h y d r o l y s i s  r a t e s  o f  a b o u t  1 0  " V se c ,  

w i t h  o n l y  s l i g h t  v a r i a t i o n s  f o r  d i f f e r e n t  l i g a n d s  - t h e s e  

r e s u l t s  a r e  s u f f i c i e n t l y  g e n e r a l  t h a t  we c a n  u s e  i t  t o  p r e d i c t
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o t h e r  n i t r i l e  r a t e s .  The p u r p o s e  o f  s t u d y i n g  t h e  e f f e c t  o f  

c h a n g e s  i n  a c i d  c o n c e n t r a t i o n  and  i o n i c  s t r e n g t h  was t o  

d e m o n s t r a t e  t h a t  t h e  r e a c t i o n  i n  a c i d i c  s o l u t i o n s  d o e s  n o t  

i n v o l v e  h y d r o x i d e  i o n  a s  t h e  a t t a c k i n g  n u c l e o p h i l e .  The 

i n d e p e n d e n c e  o f  t h e  r a t e  c o n s t a n t  on  a c i d  c o n c e n t r a t i o n s  

and  i o n i c  s t r e n g t h  i n d i c a t e  t h e  a t t a c k  o f  an  u n c h a r g e d  

n u c l e o p h i l e  t h e  w a t e r  m o l e c u l e .  T a b l e  TV shows t h e  a b s o r p ­

t i o n  maxima an d  e x t i n c t i o n  c o e f f i c i e n t s  f o r  am ide  c o m p le x e s  

o f  p e n t a a m m i n e r u t h e n i u m ( I I I ) . The u . v , - v i s i b l e  s p e c t r a l  

c h a n g e s  a r e  p r o n o u n c e d  an d  a r e  c h a r a c t e r i s t i c  o f  t h e  

c o n v e r s i o n  o f  t h e  n i t r i l e  t o  t h e  am ide  ( 5 7 , 5 8 ) .  We f i n d  t h e  

same s p e c t r a l  c h a n g e s  f o r  t h e  a c e t o n i t r i l e  an d  b e n z o n i t r i l e  

co m p le x e s  a s  p r e v i o u s l y  r e p o r t e d  an d  t h e  c h a n g e s  f o r  t h e  

1 - a d a m a n t y l c a r b o n i t r i l e  c o m p le x e s  i s  v e r y  s i m i l a r  t o  t h a t  

f o r  t h e  a c e t o n i t r i l e  c o m p lex .  I n  t h e  e x p e r i m e n t  a t  an  a c i d  

c o n c e n t r a t i o n  o f  t h e  p r o t o n a t e d  am ide  c o m p lex ,  c o n s i s t e n t  w i t h  

t h e  p&a  o f  2 . 0 0  p r e v i o u s l y  r e p o r t e d  b y  Z a n e l l a  and  F o r d  ( 5 2 ) .  

The r a t e  c o n s t a n t  t o  p r o d u c e  t h i s  p r o d u c t  i s  t h e  same a s  t h a t
_3

f o r  t h e  u n p r o t o n a t e d  c o o r d i n a t e d  am ide  ( p r o d u c e d  a t  1 . 0 x 1 0

o
and  5 .0 x 1 0  M a c i d )  a s  e x p e c t e d  f o r  p r o t o n a t i o n  a s  a  r a p i d  

s t e p  s u b s e q u e n t  t o  h y d r o l y s i s .  The r e a c t i o n  s e q u e n c e  f o r  

o r g a n o n i t r i l e  h y d r o l y s i s  a t  pH >>J&a i s :
0

2+ +  
k Q___ ^  Ru(NH3 ) 5 N C R + H3 O

' Ru(NHo)  -------- -
L 0

C RRu(NH,)
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A l l  t h e  r u n s  w e r e  done  i n  d u p l i c a t e  f o r  t h e  t h r e e  d i f f e r e n t  

compounds a t  t h e  t h r e e  d i f f e r e n t  t e m p e r a t u r e .  The d a t a  w e re  

c a l c u l a t e d  u s i n g  P r o p h e t  65.  A l l  t h e s e  r e a c t i o n s  show 

e x c e l l e n t  f i r s t - o r d e r  b e h a v i o r  ( t y p i c a l  c o r r e l a t i o n  c o e f f i c i e n t s  

o f  0 . 9 9 9  and  s t a n d a r d  d e v i a t i o n  o f  i n d i v i d u a l  d a t a  p o i n t s  o f  

l e s s  t h a n  0 . 0 0 1  a b s o r b a n c e  u n i t s ) .  The n e x t  p l o t  shown 

( F i g u r e  26)  i s  t h e  a c i d  h y d r o l y s i s  o f  a c e t o n i t r i l e  com plex  

a t  2 ^  C. T h i s  i s  a  t y p i c a l  p l o t  I  o b t a i n e d  b y  l e t t i n g  P r o p h e t  

f i t  a b s o r b a n c e  v s  t i m e  d a t a .

The a c t i v a t i o n  p a r a m e t e r s  f o r  t h e  a c i d  h y d r o l y s i s  p a t h  

o f  t h e  r u t h e n i u m ( I I I )  o r g a n o n i t r i l e  c o m p le x e s  shown i n  t a b l e V  

a r e  s i m i l a r  t o  one  a n o t h e r .  T h e re  d o e s  a p p e a r  t o  be  a  

s i g n i f i c a n t  c o m p e n s a t i o n  o f  m ore  f a v o r a b l e  AH v a l u e s  b y  l e s s  

f a v o r a b l e  AS v a l u e s ,  a s  e x p e c t e d  f o r  r e a c t i o n s  w i t h  t h e  same 

m echan ism ,  e s p e c i a l l y  i n  c a s e s  w h e re  bond  f o r m a t i o n  i s  i m p o r t a n t .

The r e l a t i v e  r a t e s  f o r  t h e  b e n z o n i t r i l e , a c e t o n i t r i l e  

and  1 - a d a m a n t y l c a r b o n i t r i l e  r e a c t i o n s  ( t a b l e  I I )  a r e  c o n s i s t e n t  

w i t h  t h e  i d e a  p r e v i o u s l y  a d v a n c e d  f o r  t h e  b a s e  h y d r o l y s i s  

r e a c t i o n s  ( 5 1 , 5 2 ) ,  i e .  t h a t  t h e  m e t a l  a tom  c a t a l y z e s  

h y d r o l y s i s  b y  w i t h d r a w i n g  e l e c t r o n  d e n s i t y  f ro m  t h e  n i t r i l e  

g ro u p  when t h e  n u c l e o p h i l e  a t t a c k s  an d  t h a t  s u b s t i t u e n t s  on 

t h e  n i t r i l e  g ro u p  c an  r e t a r d  t h e  r e a c t i o n  by  d o n a t i n g  e l e c t r o n  

d e n s i t y .  As p r e v i o u s l y  f o u n d  f o r  t h e  b a s e  h y d r o l y s i s  

r e a c t i o n s ,  t h e  a c i d  h y d r o l y s i s  o f  o r g a n o n i t r i l e s  c o o r d i n a t e d  

t o  C o ( I I I )  an d  R u ( I I )  a p p e a r s  t o  b e  much s l o w e r .
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W ith  r e g a r d  t o  t h e i r  u s e  f o r  t h e  s t u d y  o f  e l e c t r o n  

t r a n s f e r  r e a c t i o n s ,  t h e  o r g a n o n i t r i l e  co m p lex es  o f  r u t h e n -  

i u m ( I I I )  a r e  s u f f i c i e n t l y  s t a b l e  to w a r d  h y d r o l y s i s .  The 

r a t e  o f  h y d r o l y s i s  o f  t h e  r u t h e n i u m ( I I I ) - n i t r i l e  m o i e t y  

c a n  be  p r e d i c t e d  q u i t e  r e a d i l y  a n d  t h e  e x t e n t  o f  t h e  

r e a c t i o n  c a n  b e  m o n i t o r e d  r e a d i l y  f ro m  t h e  v i s i b l e  a b s o r p ­

t i o n  s p e - t r u m  o'f t h e  com plex .  The h a l f - l i v e s  o f  s u c h  r e a c ­

t i o n s  a t  2 5 °  C a r e  s u f f i c i e n t l y  l o n g  t o  a l l o w  sa m p le  p r e a -  

a r a r i o n  w i t h o u t  u n a c c e p t a b l e  l o s s  o f  c o n c e n t r a t i o n  o f  t h e  

d e s i r e d  n i t r i l e  com plex .  Upon r e d u c t i o n  t o  R u ( I I ) , t h e  

h y d r o l y s i s  i s  g r e a t l y  r e t a r d e d  (by  a  f a c t o r  o f  a t  l e a s t  

1 0 ^ f o r  t h e  b a s e  h y d r o l y s i s  p a t h  an d  h y d r o l y s i s  by  a 

b a s e - i n d e p e n d e n t  p a t h  h a s  nc?t b e e n  d e t e c t e d  a t  a l l )  , p o s i n g  

no s i g n i f i c a n t  l i m i t a t i o n s  t o  t h e  s t u d y  o f ’ t h e  r e a c t i o n s  

o f  b i m e t a l l i c  co m p lex es  composed o f  r u t h e n i u m ( I I )  an d  

c o b a l t ( I I I ) .



F i g u r e  26 .  A t y p i c a l  p l o t  o f  t h e  o p t i c a l  d e n s i t y  v s .

t i m e  f o r  t h e  a c i d  h y d r o l y s i s  r e a c t i o n  o f

a c e t o n i t r i l o p e n t a a m m i n e r u t h e n i u m ( I I I )

t r i f l u o r o m e t h a n e s u l f o n a t e  i n  a q u e o u s

t r i f l u o r o m e t h a n e s u l f o n i c  a c i d  (0 .005M)

a t  2 5 °  C. The s o l i d  l i n e  i s  c a l c u l a t e d

f o r  f i r s t - o r d e r  d e p e n d e n c e  w i t h  an  o b s e r v e d
-5  -1r a t e  c o n s t a n t  o f  1 . 2 4  x  10 s
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TABLE XI Kinetic Results for the Acid Hydrolysis of Organonitrile Complexes 
of Ru(III) in 0.005 M Aqueous Trif luoromethanesulfor.ic Acid

Complex

Ru (NH3 )

Ru (NH3 )

Temperature (°C)

.NCCH.3+ 25.0> 3
37.0

50.0

NCC-H_3+ 25.06 5
37.0

50.0

Rate Constant (s

(1.24 ± 0.02)xl0-5 

(4.85 ± 0.22)xl0~5 

(1.83 ± 0.13)xl0~4

(3.39 ± 0.05)xl0~5 

(1.24 ± 0.01)xl0~4 

(4.39 ± 0.08)xl0~4

3+RuCNH^^NC adamantane 25.0

37.0

50.0

(7.20 ± 0.15)xl0~6 

(2.90 ± 0.02)xl0"5 

(1.25 ± 0.03)xl074
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TABLE III. Kinetic Results for Acid Hydrolysis of [Ru(NH^NCOLj3*] at 
Various Acid Concentrations and Ionic Strengthsa.

Acid Rate ^ Ionic Rate ^
Concentration (M) Constant (s ) Strength (M) Constant (s )

1.0 x 10-3 4.15 x 10“5 0.0267 4.23 x 10“5

5.0 x 10“3 4.13 x 10"5 0.0517 4.22 x 10-5

100 x 10'3 4.31 x 10"5 0.103 4.22 x 10"5

a. at 37.0°C
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TABLE JV» Absorption Maxima and Extinction Coefficients for Amido Complexes 

of Pentaammineruthenium (III)

Complex Imax (nm) e( .- ̂ cn

Ru (NH3)5(CH3CONH)2+ 383 3.5 xl03a

249 2.3 xl03a

Ru (NH3)5(CH3CONH2)3+ 322 1.6 xl03a

Ru (NH3)5(C6H5CONH)2+ 393 4.0 xi03a

314 3.7 xl03a

Ru (NH3)5(C10H15CONH)2+ 388 3.6 xlO3

226 ' -2.4 xlO3

a. Reference 2.
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TABLE V.'. Activation. Parameters for the Acid Hydrolysis of Pentaammineruthenium 

(III) Organonitrile Complexes

Comolex.. AS (Kcal/mol)
:i

A S r (e.u.) AGfif(298% kcal/mol)

ru(nh3 )5ncch3

Ru(NH.)cNCC,H.
j  j  o  0

3+

3+

2 0 o4 ± 0 . 1  

19.0 ± 0.2

3+.Ru (NH^^NCadamantane 21.2 ± 0.3

-12.5 ± 0.1

-15.2 ± 0.3

-10.9 ± 0.3

24.1

23.5

24.4
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